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ABSTRACT
Fletcher, Nathan James, M.S.M.E. Department of Mechanical and Materials Engineering,
Wright State University, 2019, Design and Implementation of Periodic Unsteadiness
Generator for Turbine Secondary Flow Studies.

A primary source of periodic unsteadiness in low-pressure turbines is the wakes shed from
upstream blade rows due to the relative motion between adjacent stators and rotors. These
periodic perturbations can affect boundary layer transition, secondary flow, and loss
generation. In particular, for high-lift front-loaded blades, the secondary flowfield is
characterized by strong three-dimensional vortical structures. It is important to understand
how these flow features respond to periodic disturbances. A novel approach was taken to
generate periodic unsteadiness which captures some of the physics of turbomachinery
wakes. Using stationary pneumatic devices, pulsed jets were used to generate disturbances
characterized by velocity deficit, elevated turbulence, and spanwise vorticity. Prior to
application in a turbine flow environment, the concept was explored in a small
developmental wind tunnel using a single device. The disturbance flowfield for different
input settings was measured using hot-film anemometry and Particle Image Velocimetry.
Insight was also garnered on how to improve later design iterations. With an array of
devices installed upstream of a linear cascade of high-lift front-loaded turbine blades,
settings were found which produced similar disturbances at varying frequencies that
periodically impinged upon the leading-edge region. These settings were used to conduct
iii

an in-passage secondary flow study using high-speed Stereoscopic Particle Image
Velocimetry. Results demonstrated the application of the periodic unsteadiness generator
but found minor changes to the passage vortex. The vortex rotational strength decreased,
and migration increased with increased perturbation frequency. Fourier analyses found the
PV to be responsive at the actuation frequency with phase-locked ensemble-averaged data
revealing that the disturbance periodically caused the PV to lose rotational strength.
However, at the tested discrete frequencies, the vortex did not become locked-in and was
defined by an erratic time-character similar to without the disturbances.
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1 Introduction
Motivation
The gas turbine engine (GTE) is the most popular propulsion device for modern,
high-speed passenger and military aircraft. A GTE, Figure 1-1, in its simplest form consists
of a compressor, combustor, and turbine. The role of the turbine is to convert the energy of
the fluid into mechanical energy driving a shaft. Many GTEs have a two-spool turbine
comprised of a high-pressure (HPT)
and low-pressure turbine (LPT)
section. The role of the LPT is to
extract energy from the flow that
typically powers the low-pressure
compressor and fan. For a high
Figure 1-1 Cutout of the Pratt & Whitney PW4000
turbofan engine [1].

bypass ratio turbofan engine, the fan

can produce as much as 80% of the total thrust [2]. This makes the LPT an important
component and contributes significantly to the overall engine efficiency. According to
Wisler, a 1% change in the LPT efficiency results in almost a 1% change in specific fuel
consumption [3]. Because of its size and construction, the LPT can also account for up to
one third of the total engine weight [4]. For these reasons, recent interest in LPT research
has been geared toward increasing the loading on the LPT blades. This allows the blades
to be spaced further apart while maintaining the same work output which reduces the
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number of blades per stage. The benefits include reducing the overall weight of the engine,
part count, cost, and complexity.
The increased aerodynamic loading results in a more highly curved blade geometry
which potentially strengthens the suction-surface adverse pressure gradient causing the
stall Reynolds number to increase. This undesirable effect can be circumvented by
designing the blade profile to have peak loading occur near the front portion of the blade.
However, while this can achieve superior midspan performance, it will tend to increase
losses near the endwall by strengthening the secondary flow (three-dimensional viscous
motion near the endwall). Much research has been devoted to studying the secondary flow
in the turbine which becomes increasingly important for front-loaded blades where the flow
features in the endwall region contribute more significantly to the overall losses. Also
relevant are turbines with small aspect ratio (ratio of the blade span to chord) which have
secondary flows comprising much of the passage area.
For these reasons, it is important to study the endwall flow region. This is evidenced
by many experiments and simulations, which have sought to mitigate the detrimental
effects of the secondary flow by using flow control methods. Many of these investigations
are performed in a steady environment even though an actual turbine flowfield is inherently
unsteady. It is important to consider in greater detail how wake interaction might change
their effectiveness and implementation. Application of these methods can utilize
information on the fundamental physics in secondary flow features to design more optimal
configurations. Examples of useful information might be knowing whether any of the flow
structures are weakened or strengthened with the addition of wakes, if the position of the
flow structures is changed, whether or not any of the behavior of the flow features becomes
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temporally dependent based on the frequency of the upstream periodic disturbances, or if
any of these possible changes to the secondary flow propagates further downstream.

Background
1.2.1

Secondary Flow Description
The general endwall flowfield through a turbine passage has been studied by many

researchers. Several review papers on the topic describe the key findings and provide
descriptions of the secondary flowfield [5-8]. Those papers provide general descriptions of
the secondary turbine flow and show agreement for much of the flow such as the formation
of the horseshoe vortex (HV), a passage vortex (PV) which extends across the passage, a
counter-rotating corner vortex (CV), and some trailing shed vorticity. However, there are
some differences in the flow description for parts of the flowfield which mostly comprise
of the existence, movement, and orientation of flow features along the aft portion on the
suction-side of the blade. These are likely real variations as a result of different blade
geometries, aspect ratios, incoming flow conditions, blade spacing, etc.
For the current report, the secondary flow description will be leveraged using highfidelity simulation data for the blade geometry used in the current study. In Figure 1-2, a
downstream view of time-averaged results for an implicit large eddy simulation (ILES) is
shown with vortices identified using Q-criterion [9]. Positive values of Q-criterion
highlight regions where the strength of rotation is greater than the magnitude of rate of
strain. As characteristic of junction flows, the incoming boundary layer approaching the
LPT blades undergoes three-dimensional separation due to a strong adverse pressure
gradient, forming a horseshoe vortex that extends around the blade into the passage. One
leg of the HV extends down the suction surface of the blade, forming the suction-side HV
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(SSHV) which dissipates near the mid-chord point. The other leg of the HV extends toward
the pressure-side (PSHV). The PSHV forms the passage vortex which extends across the
passage toward the suction-surface of the adjacent blade due to the cross-passage pressure
gradient. This pressure gradient is a result of the curved passage which distorts and deflects
the vortex filament causing the PV to accumulate secondary circulation. The PV interacts
with vortical flow features along the suction-surface and lifts-off from the endwall. Along
the aft portion of the suction-surface is a strong corner separation which produces the
Suction-Side Corner Separation Vortex (SSCSV) with the same sense of rotation as the
PV. Also present, the corner vortex (CV) is a well-known phenomenon with opposite sense
of rotation to the PV. Close to the trailing edge above the SSCSV a region of high shear is
formed which develops the shed vortex (SV).

Figure 1-2 ILES showing the vortical flow structures in the endwall region of a front-loaded, high-lift
LPT passage at ReCx=100,000. Isosurfaces of Q-criterion = 10 flooded by vorticity. Blue regions
represent clockwise rotation and red regions represent counter-clockwise rotation [10].

The PV is the most defining three-dimensional secondary flow feature in the turbine
passage. It is formed from the PSHV which originates near the leading-edge of the blade
as is typical in junction flows. Junction flows involve complex, interacting flowfields
starting with three-dimensional separation as the incoming boundary layer encounters an
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appendage from the surface. A notable review paper on the subject is provided by Simpson
[11]. In the LPT, this appendage, which creates an adverse pressure gradient, is a turbine
blade. The characteristic flow feature of junction flows is the horseshoe vortex. Several
investigations have found that the HV is bi-modal [12-14]. The first mode is called the
backflow mode which is characterized by negative values of streamwise velocity at the
wall-body junction. The second mode is called the zero-flow mode which is characterized
by near-zero values of streamwise velocity at the junction. The unsteady dynamics and
complexity associated with this flow is also found in the PV. Most relevant to the PV was
the study performed by Gross et al. [15]. Their results concluded the intermittent loss of
coherence of the PV is a consequence of the HV bimodal behavior and that the downstream
development of the PV is affected by the leading-edge junction flow.
According to Langston, the secondary (near endwall) losses in a turbine passage
can be as high as 30 to 50% of the total loss through the passage [8]. Previous studies have
shown that interaction of these endwall flow features, especially along the aft portion of
the suction surface, contribute significantly to the total pressure losses inside the passage
[16]. Another important effect from the secondary flow is influence on heat transfer.
Modern GTEs attempt to maximize turbine inlet temperatures to achieve high cycle
efficiencies, which results in components needing to be cooled. Development of highly
complicated, strategic cooling requires knowledge of the mechanisms influencing heat
transfer such as secondary flows [17].
1.2.2

Endwall Flow Control Methods
In order to mitigate the endwall losses, numerous attempts have implemented active

and passive flow control methods on the endwall region. Active flow control has the
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advantage over a passive flow control method in its ability to be employed in an on-demand
fashion during off-design conditions. It can also be continually adjusted for the duration of
a full mission, being optimized in real time to match the demands of the current flight
profile. The negative side of active flow control is that it can be more complicated to
implement and require additional hardware.
A common passive flow control method is endwall contouring which involves
shaping (e.g. adding hills and valleys to) the endwall geometry to reduce pressure losses.
In the study by Dickel et al., a design optimization
method was developed which used a genetic
algorithm to obtain an optimal non-axisymmetric
endwall contour design (see Figure 1-3) [18]. This
resulted in a 10.6% reduction in the area-averaged
Figure 1-3 Optimized non-axisymmetric
endwall contour design [18].

total pressure loss compared to a planar endwall

using a RANS computational code and an 8.6% reduction found experimentally.
Additionally, the contour resulted in decreased interaction between the passage vortex and
flow features along the suction surface.
Another passive method is blade profile contouring which has been previously
demonstrated by Lyall et al. [19]. For their study, a high-lift and high stagger angle frontloaded LPT profile was contoured at the endwall resulting in what was essentially a
variable profile fillet. Experimental results showed significant passage loss reduction and
PIV revealed a reduced inlet boundary layer separation as well as a change in strength and
position of the SSHV and PV [20].

-6-

Several active flow control methods have previously been
shown to reduce losses and significantly affect the endwall flow
features in a LPT. One approach recently development involved
localized momentum injection. Unsteady endwall blowing through
wall-normal jets positioned near the lift-off line of the PV were
implemented in the passages of a highly-loaded LPT (Figure 1-4)
[21-23]. These investigations found a small reduction in total

Figure 1-4 Schematic
of jets used in Refs.
21-22.

pressure loss at certain forcing frequencies. The blowing
significantly affected the dynamics of the PV. These jets injected small amounts of
momentum into the endwall flow region near the PV and resulted in the strength and
position of the PV locking into the pulsing frequency of the jets. Increased pressure loss
reduction correlated with the PV location moving closer to the suction surface.
In addition to all of these flow control methods demonstrating that they can be
effective at reducing losses, they are all affecting the three-dimensional flow features at the
endwall in some manner which in some cases leads to loss reduction. However, most of
these studies were performed with steady upstream conditions and no attempt was made to
model the periodic unsteadiness that would be found in an operating engine.
Turbomachines are inherently unsteady; and if this unsteadiness significantly affects the
secondary flowfield, then the effectiveness of these flow control techniques might be
different from the steady results. Learning more information about the dynamics of the
endwall flow features in an unsteady environment would be useful to the implementation
of flow control methods in future engine systems.
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1.2.3

Unsteady Turbomachinery Environment
A primary source of periodic unsteadiness in low-pressure turbines is the wakes

shed from upstream blade rows due to the relative motion between adjacent stators and
rotors. These periodic perturbations can affect the boundary layer, surface pressure, loss
generation, flow angles, and secondary flow. Much of the research involving blade-wake
interactions have studied boundary layer transition and separation, primarily near midspan.
Hodson and Howell provide a review on transition with blade row interactions [24].
Whether or not the profile losses will be higher or lower than in a steady case is dependent
on the Reynolds number, the wake passing frequency, wake strength, and pressure
distribution along the blades.
Michelassia et al. performed Direct Numerical Simulation (DNS) studies of the
flow through a linear cascade with simulated bar wakes for varying Reynolds number,
background turbulence, and reduced frequency based on the bar passing frequency [25].
Results showed that incoming wakes reduced the size of separation bubbles or even
suppressed them depending on Reynolds number and reduced frequency. The authors
noted that at the highest reduced frequency tested the boundary layer hardly perceived any
discrete wake effect and the wakes merged which led to them behaving similar to
background turbulence. Likewise, Volino found that at a particular dimensionless wake
passing frequency the wakes caused the boundary layer to reattach at relatively low
Reynolds numbers [26]. At a low wake passing frequency, the boundary layer separated
between wake events. An investigation by Schobeiri et al. found that passing wakes caused
a periodic contraction and expansion of the separation bubble and a reduction of the
separation bubble height on highly-loaded LPT blades [27]. Hot-wire measurements along
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the suction-surface showed that wakes introduced fluctuation of the kinetic energy into the
boundary layer which inhibited the separation tendency. With increasing wake passing
frequency, the turbulent kinetic energy increased resulting in strong separation bubble
suppression.
Several investigations have studied the mechanism of wake-induced transition. It
was first proposed by Meyer that a wake can be thought of as a “negative jet”, Figure 1-5,
with flow oriented towards the origin of the wake superimposed on a uniform freestream
[28]. Inside the passage, the negative jet impinges on the blade and splits into two streams,
one pointing downstream which accelerates the flow downstream of the approaching wake
and one pointing upstream which retards the flow after the wake has passed. Near
separation, this intensifies the separated shear layer. As the wake convects over the
separation bubble, the perturbation of the wake and because the shear layer is naturally
unstable, triggers an inviscid Kelvin-Helmholtz rollup [29- 31]. The rollup vortices break
down into turbulence which induces boundary layer transition.

Figure 1-5 Schematic of blade-wake interaction with detailed view of "negative jet" [32].

Wakes can also induce transition ahead of the separation point. Schulte and Hodson
found wake-passing unsteadiness induced periodic transition of the boundary layer [33].
-9-

The wakes triggered turbulent patches within the boundary layer and becalmed regions
trailed the patches over the blade surface. This affects the boundary layer development and
can suppress separation bubbles which significantly impacts the profile losses.
Variations of the suction-side boundary layer characteristics due to wake passing
can alter the surface pressure distribution along the blade and can significantly change the
profile loss. As discussed by Hodson and Howell, wake-generated unsteadiness can be
taken advantage of and used to increase the lift on the blades when there is significant
laminar separation, in which case, the wakes can help to suppress the separation bubble
[24]. This has been demonstrated in several experiments [33, 34, 35]. This benefit occurs
for low Reynolds numbers when there is significant separation and the losses are a strong
function of the reduced frequency. However, at higher Reynolds numbers, the profile losses
can increase for the unsteady case which can be due to earlier wake-induced transition
onset, wake distortion, wake mixing, and/or passage vortex stretching [25, 33, 36, 37].
A particular research interest is how these unsteady disturbances affect the
secondary flowfield near the blade endwalls. A lot less in known on this subject compared
to the effect periodic unsteadiness has on boundary layer transition and separation near
midspan. One of the main flow features in the secondary flowfield is the passage vortex.
A few studies have investigated how the PV is effected by wakes [38-41].
An experimental study by Murawski et al. investigated the effect wake disturbance
frequency has on secondary flow vortices by observing illuminated mineral oil smoke
which seeded the boundary layer of a linear turbine cascade [38]. It was reported that the
generated wakes would temporarily disrupt the vortex structures including the PV. When
the wake disturbance frequency exceeded the axial flow frequency, the destruction of the
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secondary flow vortex system was sustained. In a paper by Ciorciari et al., which studied
the effects of unsteady wakes on secondary flow inside a LPT cascade both numerically
and experimentally, found that the wakes periodically reduced the strength of the PV and
CV [39]. There was a major reduction in strength at high Strouhal numbers corresponding
to high wake passing frequencies.
Lei et al. investigated the wake-secondary flow interactions in a cascade of highlyloaded HPT rotor blades using experimental and computational approaches [40]. With the
introduction of wakes, it was observed that the PV became weaker, more diffused, and
reduced losses derived from the PV. Further investigation found there were two important
interaction mechanisms that result in a reduction of PV loss. Firstly, the “negative jet”
effect reduces the momentum difference between the endwall boundary layer and the main
flow which suppresses the development of the PSHV. Secondly, the “negative jet” effect
inside the passage causes a crossflow toward the suction-surface which counteracts the
growth of the PV. For the numerical case of a rotating rotor, the loss core of the hub PV
moved further away from the endwall due to the effect of the wake. In contrast, an
experimental study by Infantino et al. on a high-lift LPT cascade found the secondary flow
core to move closer to the endwall due to the effects of wakes generated by a wheel-spoke
mechanism [41].
The flow through a 1-1/2 stage large scale rotating turbine rig was studied by
Sharma et al. [42]. Experimental data was acquired at four axial locations using threeelement hot-film probes and a shielded Kiel-head Kulite total pressure probe. Results
indicated that the rotor hub passage vortex was periodically eliminated as it passed through
the circumferential flow distortions generated by the upstream stator. The vortices also had
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a strong effect on the time-averaged exit gas angles of the second stator with underturning
in the endwall region and overturning in the midspan region. Results also highlighted that
the unsteadiness in the endwall region was much greater than that found at midspan.
Actual turbomachinery wakes are three-dimensional with much of the secondary
flow convecting downstream and affecting the next row of blades in an unsteady manner.
This secondary flow interaction and vortex-vortex interaction can have a significant impact
on the endwall flow of the downstream blade. In addition to the findings highlighted earlier
by Sharma et al., it was found that the rotor secondary flow vortices retain their identity as
they convect through the second stator which causes weakening of the secondary flow in
the second stator [42].
In the study by Chaluvadi et al., half-delta wings were installed on a rotating hub
upstream of a stator row to simulate the convecting rotor passage vortices [43].
Measurements of the stagnation pressure loss at the stator exit showed that additional losses
were generated from the interaction of the delta wing vortex with the stator flow. The
suction-side leg of the delta wing vortex was entrained into the stator passage vortex and
the pressure-side leg was radially displaced upwards at the stator exit. It was observed from
pitchwise-averaged spanwise distributions of the exit angle that there was large
underturning near the hub and overturning towards midspan, contrary to classical
secondary flow theory. Similar results were obtained by Sharma et al. [42].
Binder studied the unsteady flowfield within a single-stage cold-air turbine at neardesign conditions using a Laser-2-Focus velocimeter [44]. Results showed that the random
unsteadiness was increased considerably in regions associated with the stator endwall flow
after wakes and secondary flow vortices were cut by the rotor blades. The increase in

- 12 -

random unsteadiness was explained by means of a vortex breakdown process. Binder
postulated two possible reasons for the breakdown. First was the vortex cutting and filling.
A vortex has a center of low static pressure; and so by the pressure difference between the
pressure-side of the blade and vortex center, this leads to vortex filling after the vortex is
cut. Second was the significant increase and deformation of the vortex cross-sectional area
as the vortex moves into the passage.
Using flow smoke visualization carried out in a subsonic large-scale, single-stage
axial HPT, Chaluvandi et al. studied the three-dimensional flowfield [45]. It was found that
the presence of the rotor passage vortices affects the transport of the stator passage vortices
in the rotor. What Chaluvandi et al. calls the suction-side leg of the stator PV was displaced
radially upwards over the developing rotor hub PV. The pressure-side leg of the stator
passage vortex was engulfed by the rotor passage vortex.
Periodic unsteadiness arises from the wakes and the potential fields of blade rows.
However, since the rate of decay of the wake is relatively slow, the potential interactions
cause pressure perturbations much smaller
than those caused by wakes. For this reason,
wake generators installed in linear cascade
wind tunnels often neglect the potential
interactions and use various non-lifting profile
geometries and sizes in a moving wakegenerating device. Typically, wake generators
Figure 1-6 Overhead schematic of the linear
cascade wind tunnel with moving bar wake
generator at Whittle Laboratory [29].

consist of a moving bar or wheel-spoke

mechanism to send relatively thin blunt-bodies at high-speeds across a plane upstream of
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the cascade. An example of a
moving wake generator in shown
in Figure 1-6 and of a wheel-spoke
wake generator in Figure 1-7.
These

methods

can

produce

velocity deficits and turbulence
intensities that correspond well to
an actual stator or rotor but do have
some drawbacks. Often, they can
suffer from complexity and require

Figure 1-7 Schematic of linear cascade wind tunnel with
wheel-spoke wake generator at the Turbine Heat Transfer
Laboratory of Texas A&M University [46].

major wind tunnel modifications.
In order for the moving bars to traverse, slots are usually cut into the endwall which results
in boundary layer depletion and is detrimental for endwall flow studies. The boundary layer
is sucked off and the resulting thin boundary layer causes a weakened secondary flow.
Likewise, if the device uses mounting supports, carriages, or shuttle system for the bars,
the result would be a disrupted boundary layer which is also unfavorable for endwall flow
studies. Another drawback is the lack of flexibility in changing wake parameters.

Objective
In order to assess the response of the endwall flow structures to various
disturbances, the approach described in this thesis uses a novel method to produce periodic
upstream disturbances. The presented approach uses stationary pneumatic devices to
generate velocity deficits in an unsteady manner. By pulsing compressed air upstream
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through jets, wakes will propagate downstream and impact the leading-edge region. This
periodic forcing will be most comparable to the periodic unsteadiness in turbomachinery
due to upstream wake passing. A schematic of these devices installed upstream of a linear
cascade is shown in Figure 1-8. The purpose of this approach is that its implementation is
simpler, requires less wind tunnel modifications, preserves the incoming boundary layer
which is essential for secondary flow studies, provides the opportunity to take in-passage
high-speed flow visualization studies without affecting optical access as would be the case
if bars where periodically traversing the field-of-view, and provides the ability to easily
change the disturbance characteristics. The end goal is to study dynamic changes to the
passage vortex structure due to various periodic disturbances impacting the leading-edge
horseshoe vortex with which it originates.

Figure 1-8 Schematic of devices (green bars) installed upstream of linear cascade.

To accomplish this end goal, there are many preceding objectives:
•

Proof of Concept
o Design and fabricate a single small-scale version of the Periodic
Unsteadiness Generator (PUG) device to test applicability
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o Characterize the generated disturbances in a Developmental Wind
Tunnel for various settings
•

Linear Cascade Wind Tunnel Implementation
o Design and fabricate several full-scale versions of the PUG device
o Modify the wind tunnel in order to install devices
o Position the devices to perturb the leading-edge region
o Characterize the disturbances and vary parameters to produce
desired disturbance characteristics

•

Investigation of Endwall Flow Response to Periodic Unsteadiness
o Take in-passage measurements of the secondary flow with and
without disturbances

The presented results will showcase the characterization of a PUG inside a small
developmental wind tunnel through hot-film anemometry and Particle Image Velocimetry
(PIV). Progress of different design iterations will also be presented. The characterization
of PUGs upstream of a linear cascade was performed using PIV and periodicity was
assessed using downstream total pressure measurements. Lastly, the endwall flow was
studied using high-speed Stereoscopic Particle Image Velocimetry (SPIV) inside the blade
passage.
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2 Proof of Concept
Facility
All experiments took place at the U.S. Air Force Research Laboratory (AFRL) Low
Speed Wind Tunnel (LSWT) facility. The set of tests for the proof of concept were
conducted using the Developmental Wind Tunnel (DWT) at the same facility. The DWT
is an Aerolab Educational Wind Tunnel, Figure 2-1, which is fan-driven using a 7.5 kW
motor that can produce test section flow speeds up to 65 m/s. The tunnel flow enters
through a honeycomb flow straightener and bellmouth inlet with a 9.5:1 contraction ratio,
passes through a straight rectangular test section measuring 12 in. x 12 in. x 24 in. (30.5
cm x 30.5 cm x 70 cm), enters a diffuser, and then exits the tunnel.

Figure 2-1 Aerolab Educational Wind Tunnel [47]
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First Iteration of Periodic Unsteadiness Generator
Due to the novelty of this method using stationary devices that pulse compressed
air to mimic turbomachinery wakes, an initial set of experiments was performed in the
DWT. Knowledge gained from this setup would then be used to make any necessary design
changes and prove if this approach will work adequately.
Wakes found in LPTs are characterized by velocity deficit, increased turbulence,
width, loss coefficient (total pressure variation), vorticity, and changes in gas angles. In
order to get a sense of typical values for these wake parameters, a literature review was
performed to find published data on wakes from turbomachinery blades and wake
generators [26, 32, 41, 48-54]. The values for different wake characteristics provided in
these resources varies greatly. Results are dependent on numerous factors such as blade
geometry, upstream conditions, blade performance at tested Reynolds number, axial
location data was collected, spanwise location, wake generating mechanism, and
freestream turbulence.
Besides those values found in literature, data was also taken downstream of the
blade geometry installed in the linear cascade tunnel at the LSWT facility. This blade
geometry, designated L2F, is a high-lift (Zweifel coefficient of 1.59), front-loaded LPT
research profile. Data was extracted from ILES results for the L2F with a Reynolds number
of 100,000 based on axial chord and inlet velocity. Note that the L2F is a rotor profile and
atypical from those found in actual turbomachinery hardware. According to Hodson and
Howell, typical axial gaps range from 0.25 to 0.5 axial chords, so it was these two
downstream axial locations where the L2F wake was studied [32]. Two spanwise locations
were chosen, one associated with the greatest velocity deficit near the endwall and one near
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midspan. These results are shown in Figure 2-2 and indicate a peak velocity deficit,
Equation 2.1, which ranges from 0.13 to 0.28 and a wake width from 0.13S to 0.25S when
identifying the wake using a velocity deficit, Equation 2.2, of 0.05 or greater. Likewise,
the peak turbulence intensity, Equation 2.3, near these regions ranged from 9% to 19%.
Note that the turbulence intensity used all available velocity components in its calculation.
The L2F results fell within the range of values of other configurations found in the
literature. So even though the developed PUG was not going to produce a true moving
turbomachinery wake but rather periodic unsteadiness to excite the HV system, it is
important to know how the wake characteristics compare to a realistic phenomenon and
get the characteristics near the realistic range.
𝑢𝑝 =

𝑈∞ − 𝑢𝑚𝑖𝑛
𝑈∞

∆𝑢 𝑈∞ − 𝑢
=
𝑈∞
𝑈∞
2
√ 1 ∑𝑁
(𝑢
𝑁 𝑖=1 𝑖 − 𝑢̅)
𝑇𝑢 =
× 100%
𝑢̅

(2. 1)

(2. 2)

(2. 3)

b)
a)
Figure 2-2 LES results (ReCx = 100,000) for L2F wake profile for two spanwise locations (z/Cx = 0.6,
max deficit, and 1.95, midspan) at two axial locations a) x/Cx = 1.25 and b) x/Cx = 1.5. (AR = 4.17)
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2.2.1

Experimental Setup
To get a rough idea if this concept would work, the first iteration of the PUG simply

consisted of a ¼ in. diameter stainless steel tube with holes (Ø0.065 in.) drilled along 6 in.
of the span and spaced ¼ in. apart. Inside and concentric to this tube is a 3/16 in. stainless
steel tube with a similar arrangement of drilled holes along its span as the larger diameter
tube. Compressed air is fed into the two ends of the smaller diameter tube. A schematic of
the tubing arrangement is shown in Figure 2-3. The purpose of this configuration is that
the narrow cavity between the cylinders adds resistance to the air flow which provides a
more uniform blowing from the holes. Each end was connected to a Parker Series 9 2-Way
Normally-Closed solenoid valve with a 0.116 in. orifice size. The valves were driven by a
Parker Iota One Pulse Driver which sent out the signal to open and close the valves based
on the user-selected duty cycle (DC) and pulsing frequency (f). This pneumatic system was
connected to a 10 gallon air storage tank whose pressure was controlled by a pressure
regulator and monitored with an Omega DPG3500B digital pressure gauge. The strength
of the generated pulsed disturbance is controlled by adjusting this tank pressure.

Figure 2-3 Schematic of concentric tubing configuration for first iteration of PUG.

Some modifications were made to the DWT in order to mount the PUG and to
provide the ability to traverse a probe across the test section at multiple axial locations.
These modifications are shown in the test section assembly in Figure 2-4. The ½ in. thick
acrylic side walls were constructed with removable/replaceable panels from which various
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testing apparatuses can be mounted, in this case, the PUG. The top wall consisted of three
panels with one panel containing an off-center slot for a probe to traverse. By flipping this
panel and/or interchanging it with another panel, it allows measurements at six different
axial locations inside the test section. The computer-aided design (CAD) drawings were
made in SolidWorks and sent to a dedicated machine shop to be fabricated using CNC
machining.

Figure 2-4 DWT CAD assembly of test section with modifications.

Originally the PUG was tested with just the tubing arrangement, shown in Figure
2-3, mounted horizontally in the test section from holes drilled into each of the two side
panels. The jets were oriented at an angle relative to the freestream flow direction so that
the generated wakes do not get dominated by the wake of the stationary tube. Eventually,
a 1/8 in. diameter copper tube was positioned just downstream of the stainless-steel tube
configuration. The tubes were connected with a 3-D printed plastic fairing as depicted in
Figure 2-6. The downstream tube had holes drilled (Ø0.065 in.) ½ in. apart. Air was ejected
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from these holes as steady jets at the rear stagnation point in the downstream direction to
fill-in the profile wake and mitigate vortex shedding from the device. A similar technique
has been demonstrated in several studies [55-57].
Velocity measurements were taken with a single-element TSI 1210-20 hot-film
mounted vertically 3 in. downstream of the centerline of the large diameter tube. The
Constant Temperature Anemometer (CTA) system used for the hot-film was a TSI IFA300. A hot-wire/hot-film anemometer consists of a small (several micrometers) metal wire
or film which is heated to a temperature above ambient. This sensor is connected to one of
the arms of a Wheatstone bridge. As air flows across the heated element, it has a cooling
effect which consequently changes the electrical resistance. A feedback amplifier keeps
the bridge in balance by controlling the current to the sensor so that the resistance, and
therefore the temperature, remains constant. The bridge voltage, which relates to the power
dissipated in the probe element, is related to the fluid flow velocity through a calibration
process. For a more detailed description see Ref. [58]. A schematic of the experimental
setup in the DWT, Figure 2-5, shows the location of the hot-film plane. The jet blowing
angle is indicated by BA and D is the outside diameter of the largest tube. The anticipated
result for this concept is depicted in Figure 2-6. Note that wake and velocity deficit will be
used interchangeably in this report. The hot-film was oriented to measure the
axial/streamwise velocity component.
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Figure 2-5 Experimental setup in the developmental wind tunnel of the first iteration of the PUG.

Figure 2-6 Drawing of anticipated results for two wake instances. Both tubes are connected together by
a 3-D printed plastic part (shown in black). One tube is the tube-in-tube configuration producing the
unsteady wake and the other tube is for filling in the profile wake using steady jets.

Data collection was done using National Instruments LabVIEWTM. A program was
written to acquire the bridge voltage which was then used to calculate velocity using King’s
Law, acquire the signal from the Iota One Pulse Driver which controls the solenoid valves,
and move a motorized traverse on top of the DWT from which the hot-film probe was
mounted. Since the hot-film measurements and solenoid valve signal were collected
simultaneously, the results could be processed using a phase-locked ensemble averaging
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technique. This helps separate the periodic unsteadiness, such as that originating from the
device, from stochastic turbulent fluctuations while maintaining the time character. The
technique is applied using Equation 2.4 where s is any quantity to be phase averaged. The
following tests had a freestream velocity of around 4.0 m/s, data was sampled at 5 kHz for
10-20 s, and measurements were collected from at least 49 hot-film positions in the
pitchwise direction (relative to the PUG).
𝑁

1
𝑠̃ (𝑡𝑖 ) = ∑ 𝑠𝑖 (𝑡𝑖,𝑗 ),
𝑁

𝑖 = 1, … , 𝑀 , 𝑗 = 1, … , 𝑁

(2. 4)

𝑗=1

In addition to hot-film measurements, some flow visualization was also acquired.
This was performed in a plane parallel to the freestream and perpendicular to the midspan
of the PUG. Heavily seeded flow was illuminated using a dual-head New Wave Research
SOLO 120XT PIV Nd:YAG laser system producing 532 nm beam which formed a laser
sheet inside the test section using a Dantec light-guiding arm. The laser was capable of
delivering dual 120 mJ pulses at repetition rates of up to 15 Hz. Images were acquired with
a LaVision Imager sCMOS camera (5.5 megapixel resolution) with 50 mm lens which
viewed the measurement plane through a ½ in. thick acrylic test section wall. A LaVision
PTU and DaVis software were used to synchronize the laser and cameras and acquire
images. Flow visualization images were phase-locked with the solenoid valve signal. The
seeding was produced using a TOPAS atomizer using DEHS fluid.
2.2.2

Results
Originally, it was unknown how effective steady jets would be at mitigating the

profile wake. This was one of the first tests performed. Time-averaged measurements were
taken with the jets turned off on the device. This would serve as the baseline case which
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was then compared to a case with the jets turned on with a duty cycle (DC) of 100% and a
blowing angle of 180° (i.e. in the streamwise direction at the rear stagnation point). These
results are shown in Figure 2-7 with a plenum pressure, p, of 4.4 psi for the blowing case.
Note that the PUG only consists of the tube-in-tube device shown in Figure 2-3 and that
device is mounted at about y/D = -1 in the plot. Results clearly show that the jets were
effective at eliminating the profile wake. The velocity in the region centered about y/D = 1 for the baseline case indicate a large wake; but when the jets are actuated, the values are
near the freestream value. Several points in an undisturbed portion of the flowfield are
averaged and used for the freestream velocity, U∞, to nondimensionalize the velocity. This
is true for all plots in Sections 2.2 and 2.3. From the results in Figure 2-7, it was concluded
that steady trailing-edge blowing was effective at mitigating the profile wake from the
device and that the next design update of the PUG should include these steady jets. This
was an important finding because one of the main disadvantages of using these stationary
devices upstream of a linear cascade is that there would be a constant effect to the flow
downstream inside the turbine passages. If this effect can be eliminated or lessened, it will
alleviate one of the major downsides of this concept.
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Figure 2-7 Plot of time-averaged axial velocity for baseline (jets off) and when p = 4.4 psi, DC = 100%,
and blowing angle set to 180°. (First Iteration PUG)

Demonstrating how effective this device would be at generating velocity deficits was
the next important step in the proof of concept phase. For the results in Figure 2-8, the
blowing angle was set to 90° (i.e. jets oriented normal to the freestream). The tank pressure
was set at 37.2 psi with the LE jets actuated, DC equal to 5%, and pulsing at 10 Hz. This
is a space-time contour plot of nondimensionalized axial velocity found using the phaselocked ensemble averaging technique which is calculated using Equation 2.4. Data was
sampled at 5 kHz for 20 s at each of the 53 pitchwise, y, locations. This means that 500
phases of the actuation period/cycle, T, are being sampled over 200 ensembles. Note that
the device is mounted at y/D equal to 0.
The large blue region at around t/T = 0.4 is the generated wake with a peak velocity
deficit of 0.56. Due to the large ejection of momentum in the freestream, the wake is
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accompanied by a region with increased velocity which is the large red region in the plot.
The oscillating velocity deficit occurring throughout the period centered at y/D = 0 is wake
shedding from the tube. It is oscillatory due to aliasing. Even though the sampling rate is
much greater than shedding frequency, the data is phase-averaged based on the pulsing
frequency which is which much lower than the shedding frequency. For this particular
result, the PUG did generate a wake; however, it also produced an even larger region of
increased velocity and the penetration depth of the wake was only about 5 diameters. This
means the periodic unsteadiness will only be localized to a small discrete area. The velocity
deficit is much larger than those found in turbomachinery wakes.

Figure 2-8 Space-time contour plot of velocity at 12D downstream from the PUG with p = 37.2 psi, f = 10
Hz, DC = 5%, and BA = 90°. (First iteration PUG and TE jets not actuated)

Wakes are also characterized by increased turbulence. To get a sense of this using
the single-element hot-film data, the root-mean-square of the fluctuating velocity
component based off the difference from the phase-locked ensemble averaged quantity was
found using Equation 2.5. The results for the previously discussed case are presented in
Figure 2-9. This clearly shows that the periodic disturbance is characterized by increased

- 27 -

unsteadiness. The region of increased levels extends across both the wake and accelerated
region. There are also elevated levels from the profile wake at every phase.
𝑁

𝑢𝑟𝑚𝑠

1
2
= √𝑢̃ (𝑡, 𝑦) = √ ∑[𝑢𝑗 (𝑡, 𝑦) − 𝑢̃(𝑡, 𝑦)]
𝑁
′2

(2. 5)

𝑗=1

Figure 2-9 Space-time contour plot of urms/U∞ for p = 37.2 psi, f = 10 Hz, DC = 5%, and BA = 90°. (First
iteration PUG and TE jets not actuated)

Key parameters were varied at this point to get a sense of how large an effect
changes to certain parameters have on the periodic disturbances. The result in Figure 2-10
is for a similar case discussed previously but with the blowing angle adjusted to 45°. One
difference is the increased velocity region above the wake is lessened and separated by a
small velocity deficit, y/D = 12. The generated wake is slightly different. It penetrated
further into the freestream while the peak velocity deficit remained about the same at 0.57.
Not shown is the urms plot which appeared very similar to the case with BA = 90°.
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Figure 2-10 Space-time contour plot of velocity with p = 39.3 psi, f = 10 Hz, DC = 5%, and BA = 45°.
(First iteration PUG and TE jets not actuated)

Additionally, the tank pressure was varied. The results for the velocity in Figure
2-11 are for a decreased plenum pressure of 20.5 psi during actuation. The main difference
for this case is the penetration depth of the wake is decreased. The velocity deficit is
concentrated to a smaller area which extends not much further than the profile wake. The
peak velocity deficit increased to 0.62. Another difference is the generated wake appears
slightly skewed. This is evident in the urms plot of Figure 2-12 where it is shown that further
away from the origin the wake arrives earlier in the hot-film plane. The accelerated flow
region arrives later than the adjacent wake.
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Figure 2-11 Space-time contour plot of velocity with p = 20.5 psi, f = 10 Hz, DC = 5%, and BA = 45°.
(First iteration PUG and TE jets not actuated)

Figure 2-12 Space-time contour plot of urms/U∞ for p = 20.5 psi, f = 10 Hz, DC = 5%, and BA = 45°.
(First iteration PUG and TE jets not actuated)

Lastly, the freestream velocity was increased to 10.2 m/s, Figure 2-13, which
roughly corresponds to ReCx of 100,000 in the LSWT. This figure shows the wake
penetration is even less than in the previous case. From this result and other cases tested
at this high freestream velocity, it was decided to not characterize the PUG in this regime
since the periodic unsteadiness would be localized to a very discrete portion of the linear
cascade.
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Figure 2-13 Space-time contour plot of velocity with p = 20.1 psi, f = 10 Hz, DC = 5%, U∞ = 10.2 m/s,
and BA = 45°. (First iteration PUG and TE jets not actuated)

Flow visualization was also attempted with this setup by heavily seeding the flow
and illuminating the particles with a laser. Images in Figure 2-14 are for the cases with p =
20 psi, f = 10 Hz, and DC = 5% with one case at U∞ of around 4.0 m/s and the other at 10.2
m/s. The vortex street from the tube is evident from both images with an oscillating pattern
of vortices of opposite rotation. The profile wake is characterized by unsteadiness
comprised of large, coherent structures while the unsteadiness of the generated wake is
comprised of smaller eddies. Comparing the two cases, it is apparent that unsteady jets
penetrate much further into the flow for the lower freestream velocity.

a)
b)
Figure 2-14 Flow visualization for p = 20 psi, f = 10 Hz, and DC = 5% where for a) U ∞ = 4 m/s and b)
U∞ = 10.2 m/s. (First iteration PUG and TE jets not actuated)

- 31 -

The last test from this setup was to utilize the tubing configuration shown in Figure
2-6 as discussed previously. This was to quickly see how the device will work with both
the steady and unsteady jets actuated. Overall, the implementation of the rear jets proved
very useful. The profile wake is barely detectable in Figure 2-15 except for a brief period
after about when the unsteady disturbance passes by the hot-film plane. Likewise, the
unsteadiness levels from the urms plot, Figure 2-16, are diminished in the area associated
with the profile wake compared to the case when the steady jets were not utilized.

Figure 2-15 Space-time contour plot of urms/U∞ with p = 40.0 psi, f = 10 Hz, DC = 5%, BA = 45°, and a
plenum pressure for the steady jets at the trailing-edge of 5 psi.

Figure 2-16 Space-time contour plot of velocity with p = 40.0 psi, f = 10 Hz, DC = 5%, BA = 45°, and a
plenum pressure for the steady jets at the trailing-edge of 5 psi.
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From these results for the first iteration of the PUG, the device is able to generate a
periodic disturbance though it does not capture all of the physics associated with
turbomachinery wakes. It was also discovered that the velocity deficit is highly localized
which means once the PUG is installed in the LSWT it will have to be positioned in a
precise manner in order for the disturbance to impact the leading-edge region. Overall,
these tests demonstrated how this device might be utilized as a periodic disturbance
generator to study turbomachinery flows with various disturbances.

Second Iteration of Periodic Unsteadiness Generator
After determining from the previous setup that the PUG is able to effectively
generate periodic wakes and utilize steady blowing at the rear stagnation point to mitigate
the profile wake, it was decided to make design changes that would make this device more
feasible in the LSWT and perform a more detailed characterization of the downstream
flowfield from the PUG. Results from the second iteration of the PUG inside the DWT
include hot-film measurements to determine the relationship between various input
parameters and the periodic disturbance generated by the device. PIV was used to
investigate changes in the disturbance as it propagates downstream and to measure the
unsteadiness and vorticity. Most of the material found in this section was also reported in
Ref. [59].
2.3.1

Experimental Setup
The design of the PUG and experimental setup remained mostly the same from the

arrangement used to obtain the results in Section 2.2.2. The same tube-in-tube
configuration for the leading-edge wake generating device and the tube at the trailing-edge
with steady jets remained the same from the last setup. However, the 3-D printed plastic
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attachment was slightly modified. Due to the large span in the LSWT, the in-house 3-D
printer was not large enough to print a single part for the entire span. The part was split
into two pieces, printed, and joined together. It was for this iteration that this design was
tested before its implementation in the linear cascade wind tunnel. The design for this
assembly is shown in Figure 2-17. It consists of two parts joined together using two steel
rods which were epoxied into holes drilled into both pieces. The ends, which were mounted
to the side walls of the DWT, comprised of slots to hold both tubing configurations.

Figure 2-17 DWT CAD assembly for 3-D printed plastic parts joined using two steel rods.

Another design change made in order to make implementation of several PUGs into
the LSWT feasible was changing the solenoid valves and solenoid driver. Application of
the PUGs in the LSWT required possibly one device per blade, i.e. seven. It was also
possible that each end might need to be actuated with its own solenoid valve. Therefore, it
needed to be feasible to drive 14 solenoid valves simultaneously. From the previous setup,
this would not be possible due to the Parker Iota One Pulse Driver having only four
channels. The solution to this was to acquire different solenoid valves and driving method.
For this iteration, Festo MHJ10-S-2,5-QS-6-HF solenoid valves controlled the pneumatic
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actuation. The driving signal for the valves was generated in LabVIEW and sent from the
analog output of a National Instruments BNC-2120. For the setup in the DWT, both ends
of the PUG were actuated using the same solenoid valve.
Lastly, the measurement plane for the hot-film was increased to 20D downstream
from the centerline of the leading-edge tube. This distance more closely corresponds to the
distance these devices will be installed upstream from the leading-edge of the turbine
blades in the LSWT in order to utilize slots that were already in place on the bottom and
top walls of the tunnel. A schematic of the experimental setup is shown in Figure 2-18.
Based on the results from Section 2.2, it was decided to not test at the higher inlet velocity
(U∞ = 10.2 m/s) due to the very small wake penetration depth. For all further experiments
conducted in the DWT, the inlet velocity was set to 5.1 m/s which corresponds to ReCx =
50,000 in the LSWT.

Figure 2-18 Experimental setup in the developmental wind tunnel for the second iteration of the PUG.

Similar to the plane for flow visualization from the previous setup, a plane of twodimensional, two-component (2D2C) PIV data was taken in this setup. This flow
diagnostic tool allows nonintrusive velocity measurements which would be used to
calculate quantities such as vorticity and turbulence statistics. This technique consists of a
laser sheet formed by a high-powered laser which illuminates fluid flow seeded with light
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scattering particles. A digital camera records images of the scattered light at two
consecutive exposures. The time between the double exposures is chosen to capture the
desired time scales of the flow based on the fluid velocity. Displacement of the detected
particles in the images is determined using cross-correlation methods. With the time
between exposures and particle displacement known, the velocity can be calculated. A
more detailed explanation can be found in Ref. [60]. Spanwise vorticity was calculated
using Equation 2.6. Turbulence intensity is calculated using Equation 2.7 where the RMS
velocities are found using Equation 2.5.
𝜔𝑧 =

𝜕𝑣 𝜕𝑢
−
𝜕𝑥 𝜕𝑦

2
2 )
√1 (𝑢𝑟𝑚𝑠
+ 𝑣𝑟𝑚𝑠
2
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× 100%
𝑈∞

(2. 6)

(2. 7)

The measurement plane was oriented in the x-y plane at the midpoint of the PUG.
Seeding produced from a theatrical fog generator using a mix of de-mineralized water and
propylene glycol was illuminated using the dual-head New Wave Research SOLO 120XT
PIV Nd:YAG laser system with Dantec light-guiding arm. Images were once again
acquired using a LaVision Imager sCMOS camera (5.5 megapixel resolution) with 50 mm
f/1.8D lens. A LaVision PTU and DaVis software were used to synchronize the laser and
camera, acquire images, and process the raw images. Calibration was performed using a
LaVision 204-15 calibration plate with polynomial curve fit with RMS of fit of 0.3659 pixel
and scale/magnification factor of 13.49 pixel/mm. Images were acquired with 125 µs
between double exposures. Measurements were phase-locked with the signal driving the
solenoid valves and then averaged using 400 images. Processing of raw images used a first
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pass 64x64 interrogation window and 32x32 final pass interrogation window with 50%
overlap.
2.3.2

Results
Since this iteration of the PUG would be utilizing the steady jets for every test, the

plenum pressure feeding the rear tube had to be optimized to best mitigate the profile wake
and vortex shedding. Time-averaged results for the profile wake measured using hot-film
traces are shown in Figure 2-19a. Note that the PUG is mounted at y/D = 0. A significant
velocity deficit is present without any TE blowing. If too large of a plenum pressure is
used, a velocity increase appears as in the case for p = 7 psi. The optimal configuration is
for p = 5 psi which fills in the profile wake to velocity levels comparable to the freestream.
In order to assess if the shedding from the device was mitigated, a power spectra plot,
Figure 2-19b, is presented with the hot-film positioned in the middle of the wake. The
energy content associated with the shedding frequency (161 Hz with no blowing) is greatly
diminished by an order of magnitude. This is indicative that the vortex shedding from the
stationary device is mostly suppressed. Application of the TE jets will become increasing
important when the PUGs are installed in the LSWT. It is undesirable to have the constant
wake and shedding convect downstream which might significantly change the flowfield
inside the linear cascade. All results presented hereafter utilize TE blowing with a plenum
pressure set at 5 psi.
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b)
a)
Figure 2-19 Results for TE jet optimization showing a) time-averaged velocity profiles for different
plenum pressures, and b) power spectra at center of wake.

Attenuation of the shedding is evident from PIV results of the spanwise vorticity.
Figure 2-20a is a plot of vorticity for the baseline case with the TE jets off and Figure 2-20b
are results for the optimized TE jet plenum pressure of 5 psi. Note that the device is
mounted at the location indicated by the black profile at y/D = 0 with LE at x/D = -18.
Comparing these two results is it clearly shown that the vorticity has been greatly weakened
when utilizing TE jets.

a)
b)
Figure 2-20 Comparison of spanwise vorticity with units of 1/s between a) baseline case with no TE
blowing, and b) case with TE blowing where p = 5psi
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Using PIV, the propagation of the disturbance was studied by taking phase-locked
images at several different phases with both the LE and TE jets actuated. Figure 2-21 shows
the velocity at 9 phases with a pulsing frequency of 10 Hz, plenum pressure (which will
now refer to the control pressure for the LE jets) of 40.0 psi, and input duty cycle of 12%.
The plots show that the wake is skewed which was seen in some of the hot-film results
from the previous setup. This is desirable as wakes in LPTs move in a direction that is
skewed from the axial direction as depicted in Figure 1-5. In these figures, the wakes are
accompanied by regions of accelerated flow but are greatly diminished by t/T = 0.44. A
large velocity deficit is generated and as it convects downstream, the velocity deficit
diminishes and becomes elongated. Based on the streamlines, the results show that the
disturbance significantly changes the local gas angles.
Results in Figure 2-22 show an additional visualization of the periodic velocity
deficit for a pulsing frequency of 15 Hz, plenum pressure of 40.0 psi, and input duty cycle
of 15%. Both Figure 2-21 and Figure 2-22 show similar wake shapes; however, the spacetime velocity contour is from the perspective of a fixed observer in the flow, so the velocity
deficit is mirrored vertically relative to Figure 2-21. Once again velocity is
nondimensionalized by the average of several points in an undisturbed region of the
flowfield in the hot-film plane. For all cases presented hereafter in this paper, at least 200
ensembles were used for the hot-film averaging. Comparisons (not presented here) were
made for averaging of 50, 100, 200, 300, and 600 ensembles and it was concluded that 200
is sufficient. Additionally, sensitivity to the number of phases was investigated by varying
the sampling rate which justified using a 5 kHz rate. Based on the space-time velocity
contour plot, the wake region was designated using a velocity deficit threshold of 0.1, i.e.,
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any deficit 0.1 or greater will be considered part of the wake. The length of the velocity
deficit region in the y-direction is considered the wake width and the length in time is
considered the wake period, Twake. For this particular case, it was calculated that width/D =
0.41 and up = 0.52. These numbers are much greater than realistic values. However, a larger
wake width is desirable since the PUGs are stationary. Also, the LSWT has a greater FSTI,
3.0%, which has been shown to decrease the velocity deficit for a moving bar wake
generator [61].

Figure 2-21 Velocity (p = 40.0 psi, DC = 12%, f = 10 Hz) at different phases: t/T = a) 0.19, b) 0.25, c)
0.31, d) 0.38, e) 0.44, f) 0.50, g) 0.56, h) 0.63, i) 0.69. LE of device at x/D = -18 and y/D = 0.
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b)
a)
Figure 2-22 Results for active LE and TE jets with f = 15 Hz, DC = 15%, and p = 40.0 psi showing a)
space-time plot of velocity, and b) designated wake region.

So far, all results have been obtained at the same spanwise, z, location along the
PUG. In order to test the spanwise uniformity, hot-film traces in the y-direction were taken
at 9 spanwise locations with p = 40 psi, f = 10 Hz, and DC = 15%. This provides 9 spacetime velocity contour plots, such as the one in Figure 2-22a, which were used to calculate
the standard deviation, Figure 2-23, at each point in the plot. One of the spanwise positions
was at the origin/midspan where all previous results had been taken. The other eight were
taken towards one side of the midspan point. Previous experimentation showed
approximately the same levels of variation on the other side. From this plot, the largest
variation is associated with the wake region which is produced by the LE jets. There is also
mild variation directly downstream from the PUG, mounted near y/D = 0. Outside of these
two zones, the standard deviation is almost zero which is expected since this part of the
flowfield is not greatly influenced by the periodic unsteadiness generated by the device.
Besides checking the spanwise variation, it was also important to determine
whether the measurements were dependent on position relative to the jet hole locations.
The spanwise increments for this check was 0.125 in. and the TE jet hole spacing is 0.5 in.
and the LE jet hole spacing is 0.25 in.; so if the measurements were dependent on position
relative to the jet hole positions, then there would be a spatial oscillatory trend in the
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velocity measurements. On Figure 2-23 there are 5 locations, in white text, that were
probed to examine this behavior and none showed any oscillatory trend. There was
however some spanwise variation. Probe 1, Figure 2-24a, had the greatest variation,
maximum from the mean being 34%. Probe 5, Figure 2-24c, also had significant variation,
maximum of 11%, but the other three had less than 4%.

Figure 2-23 Standard deviation of phase-locked ensemble-averaged velocity for 9 spanwise locations.
Points in white are locations where spread of values were probed to study variation and dependency of
position relative to jet hole spacing.

b)

a)

c)
Figure 2-24 Phase-locked ensemble-averaged streamwise velocity at a) probe 1, b) probe 3, and c) probe
5. Origin/midspan is located at z = 0.
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One of the main purposes of the preliminary characterization of the PUG in the
developmental wind tunnel was to demonstrate how the wake characteristics could be
manipulated by varying the control inputs. This was accomplished using the plenum
pressure, input duty cycle, and frequency; where for each one, the other two inputs were
held constant. In Figure 2-25, the plenum pressure was varied with f = 25 Hz and DC =
25% constant. The plot shows that as the pressure is increased, the wake width and peak
velocity deficit increase. This is contrary to the results presented in Figure 2-10 and Figure
2-11 where up increased slightly when the pressured was lowered. This is most likely
because the wake in Figure 2-11 was small and entrained in the lower momentum profile
wake as opposed to the bulk flow moving at the freestream velocity. This was due to the
first iteration PUG not utilizing the TE steady jets. Therefore, the generated wake
dissipated more slowly. Another finding from Figure 2-25, the wake parameters can be
adjusted for a large range of values with changes in plenum pressure.
In Figure 2-26, the duty cycle was varied and shows similar results of increasing
the DC increases both wake characteristics. Results in Figure 2-27 show how changing the
pulsing frequency affects the wake. Increasing the frequency is shown to decrease the
width and peak velocity deficit. From each of these plots, the curves for both the wake
width and velocity deficit display the same trend. This indicates that the width and velocity
deficit cannot not be independently controlled, i.e., if the up were to be increased, so too
would the wake width. The results highlight the control over the wake by adjusting these
three easily changeable inputs.
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Figure 2-25 Effect of varying plenum pressure on wake width and peak velocity deficit with f = 25 Hz
and DC = 15% held constant.

Figure 2-26 Effect of varying input duty cycle on wake width and peak velocity deficit with f = 10 Hz and
p = 40.0 psi held constant.
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Figure 2-27 Effect of varying pulsing frequency on wake width and peak velocity deficit with DC = 15%
and p = 40.0 psi held constant.

Another variable that can be altered is the LE jet blowing angle. For all previous
hot-film results in this section, the angle was set to 45° relative to the freestream. To
investigate how the blowing angle affects the wake, three test cases were chosen: f = 10 Hz
and DC = 10%, f = 10 Hz and DC = 12%, and f = 20 Hz and DC = 15%. For each case,
blowing angles of 20°, 45°, and 70° were tested. In all cases, p = 40.0 psi. Table 2-1
contains the values for each test condition. A blowing angle of 70° provided the optimal
configuration. For each case, it yielded a decreased peak velocity deficit which was more
representative of values found from real LPT wakes. A more visual representation of the
effect of increasing the BA to 70° is presented in Figure 2-28. The peak velocity deficit
decreased by about 30% compared to the original angle of 45°. The wake period and width
remained about the same as the other two blowing angles. These trends were true for most
of the cases. Observations of the velocity profile at different phases revealed that the peak
deficit of the wake traversed in the y-direction a distance of 4.5D (0.15S) for the case
presented in Figure 2-28b. Though not a true moving wake seen in turbomachinery which
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travels across the entire blade row, the wake produced using this pneumatic device does
move measurably.

Table 2-1 Values for peak velocity deficit, wake width, and wake period for three different cases at
varying blowing angle.

b)
a)
Figure 2-28 Space-time velocity contour plots with p = 40.0 psi, f = 10 Hz, and DC = 12% for blowing
angles a) 45°, and b) 70°.

For every configuration, the urms values were calculated. These values stayed
mostly the same for the different blowing angles. It was most affected by the plenum
pressure and duty cycle. This is most likely because these inputs control the ratio of the jet
velocity to the freestream which influence the turbulence levels. To illustrate the increased
turbulence for this PUG iteration, Figure 2-29 shows urms for two different cases. The PUG
produces wakes with increased levels of turbulence. There are two cores with elevated
turbulence in the region of the disturbance. This was seen for every configuration and might
be indicative of vortices generated due to the skewed blowing relative to the freestream.
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The kidney/mushroom shape in Figure 2-29b resembles the flow from turbulent jets in
crossflow which produces a kidney-shaped vortex pair [62, 63]; though these two flows
are not easily comparable, since the origination of vorticity for jets in crossflow is from the
wall boundary layer [64]. Outside of the disturbance and around y/D = 0, where the device
is mounted, the flowfield has urms values near zero. This is expected since the phase-locked
ensemble-averaging technique separates the stochastic velocity fluctuations not in sync
with the pulsing from the periodic signal.

b)
a)
Figure 2-29 Space-time contour plot of urms/U∞ for a) p = 40.0 psi, f = 10 Hz, DC = 10%, BA = 70°, and
b) p = 40.0 psi, f = 20 Hz, DC = 15%, and BA = 20°.

PIV was performed to provide a turbulence value to compare with those found in
literature and provide insight into what vortical structures might be generated from this
device. A plot of turbulence intensity is shown in Figure 2-30 which was calculated using
1200 images. Note that the increased levels of Tu in the profile wake are not completely a
result of turbulent/stochastic velocity fluctuations. The generated disturbance region has
the highest levels of turbulence intensity. The peak turbulence intensity is 23% which is
slightly greater than those typically found downstream of rotating low-pressure turbine
blades or moving-bar wake generators. Based on data collected at several phases, the
turbulence levels lessen as they propagate downstream, similar to the results seen for the
velocity deficit. The turbulence levels for all cases were similar.
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Figure 2-30 PIV results (p = 40.0 psi, f = 10 Hz, DC = 12%, and blowing angle 70°) of turbulence
intensity at t/T = 0.50. Note: Hot-film axial location at x = 0.

Vorticity contours at three different phases are provided in Figure 2-31. These
results show two distinct vortical cores with opposite rotation which lose strength as they
traverse downstream. Also plotted are isolines of the velocity deficit. The negative vorticity
region is positioned downstream and below the accelerated flow and upstream and above
the velocity deficit. The positive vorticity region is positioned upstream and above the
accelerated flow and downstream and below the velocity deficit. Consequently, the
resulting velocity gradients in the flowfield contribute to the vorticity highlighted in the
figures. Spanwise vorticity is an important phenomenon the PUG captures as actual turbine
wakes are characterized by large three-dimensional structures, known as von Kármán
vortices [25, 65]. Similar vorticity patterns are produced in LPTs as a result of vortex
shedding from the blade; though the vorticity from the PUG appears more elongated and
contains other small pockets of vorticity besides the main vortex pair. These PIV results
confirm much of what has been inferred from the hot-film data discussed previously.
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a)

b)

c)
Figure 2-31 PIV results (p = 40.0 psi, f = 10 Hz, DC = 12%, and BA = 70°) for ωz with isolines of
velocity deficit (levels from 0.1 to 0.5) at t/T = a) 0.31, b) 0.44, and c) 0.56.

Conclusions
The main purpose of the series of tests in the DWT was to prove whether this novel
approach to generating periodic disturbances would be reasonable to use to study the
impact of periodic unsteadiness on secondary flow. By studying the disturbances
downstream from a single small-scaled version of the PUG, it was shown that this novel
design is able to generate disturbances characterized by velocity deficit, increased
turbulence, and vorticity. The inclusion of steady jets at the rear stagnation point of the
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profile was effective at mitigating the profile wake and shedding. Though not able to
replicate all physics associated with turbomachinery wakes, this device will be used to
generate periodic disturbances that do have physical relevance to a turbomachinery flow
environment in order to study how perturbing secondary flow features impacts their
dynamics. Additionally, knowledge gained from this setup will be used to make any
necessary design changes prior to implementation in the linear cascade wind tunnel.
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3 Secondary Flow with Periodic Unsteadiness
Facility
The following sets of experiments were conducted in AFRL’s Low Speed Wind
Tunnel (LSWT), Figure 3-1, which is configured as a seven blade LPT linear cascade. The
linear cascade uses a splitter plate raised off the bottom of the tunnel which develops a
clean inlet boundary layer and allows the boundary layer thickness to be controlled. The
Reynolds number based on the axial chord length and inlet velocity was 50,000 for all
cases. Upstream from the test section is a turbulence grid which increases the Freestream
Turbulence Intensity (FTSI) to 3.0%. As mentioned previously, the current blade geometry
installed in the linear cascade is the L2F. Information about the test section and its geometry
can be found in Table 3-1.

Figure 3-1 Picture of Low Speed Wind Tunnel.
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Table 3-1 Linear cascade dimensions and flow conditions.

Upstream Characterization
Similar to the experiments in the DWT, the disturbances generated by the PUG
were characterized by measuring different wake parameters such as velocity deficit, wake
width, turbulence intensity, and momentum deficit. The disturbances had to be
recharacterized due to significant changes to the setup. For example, there were several
large-scale PUGs installed in the LSWT, the disturbances were in the presence of strong
pressure gradients, and the tunnel flow conditions were much different.
A depiction of the vertically stacked PUGs installed upstream of the linear
cascade is provided in Figure 1-8. An overhead view of PUGs and linear cascade is
shown in Figure 3-2. A goal for the series of experiments in the LSWT was to position
the PUGs in a pitchwise location so that disturbances would convect downstream and
periodically perturb the LE region of the blades (see Appendix A). After the final PUG
position was determined, tunnel periodicity was checked using downstream total pressure
measurements for two blade pitches (see Appendix B). Implementation of the devices in
the LSWT involved fabricating several large-scale versions, designing and building a
pneumatic system to plumb all the devices, constructing the electrical configuration to
actuate all the solenoid values, and making necessary wind tunnel modifications.
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Figure 3-2 Schematic of PUGs installed upstream of a linear cascade of turbine blades (overhead view).

3.2.1

Experimental Setup
The previous iteration of the PUG only spanned 12 in. to fit inside the DWT. This

iteration had to match the span of the blades (25 in.) in order to affect the secondary flow
present on the bottom and top endwall. However, the actual span of the PUGs was longer
(27 in.) to include bulked-up ends for tunnel mounting purposes. The CAD assembly,
Figure 3-3, shows the third iteration of the PUG used for experimentation in the LSWT. Its
design includes the same cross-sectional profile as the previous version except at the top
endwall end. This end is tapered in order for the device to fit through a slot already present
in the test section. For this iteration, the jet hole spacing for the LE tube-in-tube
configuration is ½ in. (same as TE tube). The holes were machined using electrical
discharge machining to accurately and consistently cut holes of equal size into the small,
thin tubing. Originally, it was planned to utilize the entire span of the PUG; however, after
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initial tests showed significant spanwise variation, it was decided to tape up the jets for half
the span across the midspan (i.e. taped over jets from 0.25H to 0.75H). This means that the
jets will affect all of the 3-D portion of the turbine flow and a small portion of the blade 2D flow. This was expected to have minimal effect with the current blade set and Reynolds
number since the SS boundary layer separation is minimal. The 3-D printed plastic tubing
attachment (shown in black in Figure 3-3) was split into three parts due to size limitations
of the on-site 3-D printer. They were connected using the method discussed in Section
2.3.1.

Figure 3-3 Third iteration of PUG tested in LSWT.

The pneumatic configuration had to be revamped in order to accommodate
actuation of several devices. Compressed air was fed into both ends with the LE tube and
actuated using a solenoid valve, Festo MHJ10-S-2,5-QS-6-HF, for each end. Two electrical
enclosures were constructed, one top of the tunnel and one on the bottom. The enclosure
fed the square wave signal controlling actuation and the DC power supply to each of the
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solenoid valves. For all tests in the LSWT, the blowing angle was set to 70°. All devices
were actuated simultaneously; this differs from a true moving wake.
Since the LSWT uses a splitter plate to serve as the bottom endwall, a gap/slot
needed to be inserted to allow the PUGs to be installed. This was done by extending the
splitter plate portion of the blade passages. By moving the upstream splitter plate portion,
a gap was created starting 0.75Cx upstream from the LE. This is where the PUGs were
placed. In addition to this modification, the plates holding the blades in position on top and
bottom of the LSWT were replaced. All these parts were manufactured using ½ in. acrylic
to provide optical access. The CAD assembly of the LSWT test section for the previous
and current configurations is provided in Figure 3-4. Five PUGs were installed which were
positioned to impact the LE region of the five most interior LPT blades. A picture of the
devices positioned in their final position is provided in Figure 3-5. A summary of the
dimensions for this iteration of the PUG in the LSWT is provided in Table 3-2.

a)
b)
Figure 3-4 LSWT test section construction of turbine blades and splitter plate for a) previous
configuration, and b) new configuration with extended splitter plate upstream of cascade.
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Figure 3-5 Picture of the PUGs installed upstream of the linear cascade. Image taken during setup for
2D2C PIV in the x-y plane.

Table 3-2 Dimensions of PUG in LSWT.

In order to characterize the periodic disturbances, measurements of 2D2C PIV were
collected between the center PUG and LPT blade at z/H = 0.089. Figure 3-6 and Figure 3-7
are provided to illustrate the LSWT test section arrangement and location for the PIV
measurement plane. A Quantel EverGreen 200 laser with sheet-forming optics was used to
illuminate seeding particles produced from a Martin JEM ZR25 fog generator running on
Martin ZR Pro Smoke Super Fluid. A LaVision Imager sCMOS camera with 80 mm lens
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was mounted on top of the wind tunnel viewing the measurement plane through ½ in. thick
acrylic. Attached was a Scheimpflug adapter and 532 nm bandpass filter to remove ambient
illumination. Calibration was performed with a 106-10 LaVision calibration plate resulting
in a RMS of fit of 0.13329 and scale/magnification factor of 18.0435 pixel/mm. Once again,
LaVision PTU and DaVis software were used to synchronize the laser and cameras, acquire
images, and process the raw images. Measurements were phase-locked with the signal
driving the solenoid valves and then averaged using at least 600 images. Images were
acquired with 90 µs between double laser pulses. Processing of raw images used a first
pass 64x64 interrogation window and 32x32 final pass interrogation window with 50%
overlap. More details on the procedures and measurements taken in the LSWT experiments
(including downstream pt measurements to test periodicity) can be found in Appendix A
and Appendix B. Note that for all results in this section U∞ is found from an upstream, 2Cx,
Pitot-static probe connected to a 0 to 0.4 inH2O Druck pressure transducer. This probe is
sampled at 2 kHz for 60 s and is used to set the tunnel to ReCx = 50,000.
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Figure 3-6 Overhead schematic of LSWT test section with turbine blades, splitter plate, and PUGs.

Figure 3-7 Location of PIV plane for LSWT PUG characterization with x-y origin at LE of center blade.
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3.2.2

Results
The main goals of this characterization in the LSWT were to find a position in the

pitchwise direction, y, such that the disturbances were impacting the LE region and to find
the settings to produce similar disturbances at three different pulsing frequencies. Several
different y locations were attempted. Results indicated that the pitchwise location had a
strong effect on the disturbance characteristics, details provided in Appendix A. All results
presented in the main body of this thesis are taken at a position where the periodic
disturbances impact the LE region. To demonstrate how this device can be utilized, how to
take and analyze results, and to investigate the PV dynamics, a flow study with
disturbances at three frequencies is presented next in Section 3.3. Therefore, it is in this
section where the characterization of the disturbances at these three different frequencies
(F+ = 0.19, F+ = 0.41, and F+ = 0.56) are presented. The reduced frequency, F+, is
determined using Equation 3.1 which is based on the average convection time of the flow
through the passage. It was desired to find settings that resulted in similar disturbances at
each frequency. Many attempts were spent to find these settings and only the final settings
are presented.
𝐹+ =

𝑓 ∙ 𝑆𝑆𝐿
̅̅̅̅̅
𝑈
𝑃𝑆

(3. 1)

Prior to characterizing the disturbances, a series of time-averaged results were
found in order to find the optimal plenum pressure for the steady jets on the TE tube. As
shown in Figure 3-8, there is a significant wake coming off the device located at y/Cx = 0.19 when the jets are off. Since there is a lot information in these PIV results and variation
throughout the plane, it was decided to analyze the data at x/Cx = -0.3 (as indicated by the
black line) to easily make comparisons between cases. It was desired to find values for the
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flow near the LE; however, further downstream and there is strong interaction between the
turbine environment and results become distorted. The time-averaged results were found
using 2000 images.

Figure 3-8 Contour plot of time-averaged velocity magnitude for case without any jets actuated. Black
line indicates location where values were probed in order to compare different cases.

Several different plenum pressures were tested to find the optimal setting to
mitigate the profile wake and vortex shedding from the stationary device. The optimal TE
plenum pressure was found to be 17 psi. This setting is compared to the case with no jet
actuation and the baseline case which is found by removing the center PUG from the wind
tunnel. The streamwise velocity (i.e. in the direction of the freestream), us, plot (Figure 3-9)
clearly shows a significant reduction in the profile wake when utilizing the steady jets;
though, the curve does not return to the baseline condition. It was observed at every
position of the PUGs that the TE jets were strongly affected by the turbine flow
environment which results in less optimal steady jets compared to the DWT findings where
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the velocity did return to the freestream value. Likewise, the turbulence intensity is reduced
but still varies from the baseline case. For all three cases, the incidence angles were similar
values. To demonstrate the mitigation of shedding, Figure 3-10 shows the vorticity
diminished when the TE jets are utilized. Vorticity shed from the device is essentially
eliminated prior to the entrance of the cascade.

a)

b)

c)
Figure 3-9 Results for TE jets on with p = 17 psi, no jet actuation, and baseline at x/Cx = -0.3 for: a)
streamwise velocity, b) turbulence intensity, and c) incidence angle.
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a)
b)
Figure 3-10 Spanwise vorticity for: a) no jet actuation, and b) TE jets on with p = 17 psi.

Phase-locked measurements were taken at five different data acquisition delays, tref.
This is a user-selected time to start taking an image after a rising-edge of the solenoid
driving signal is detected. This allows results from different settings to be comparable
where the wake is in the same location in the image plane. Looking at results from just tref
= 26 ms at x/Cx = -0.3 disturbances were compared to each other from different settings.
These settings are LE plenum pressure (which will now refer to the plenum pressure for
the LE pulsed jets), p, duty cycle, DC, and the reduced frequency, F+. After testing many
different settings, it was found that for the three reduced frequencies (F+ = 0.19, 0.41, and
0.56) the settings (Table 3-3) that produced similar disturbances are respectively: p = 33
psi and DC = 15%, p = 45 psi and DC = 25%, p = 55 psi and DC = 35%.

F+
0
0.19
0.41
0.56

f, Hz pLE,plenum, psi Input DC, % pTE,plenum, psi
0
5
11
15

33
45
55

15
25
35

Table 3-3 Summary of conditions for each test case.
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17.0
17.0
17.0
17.0

The results from the settings for F+ = 0.19 at tref = 20 and 32 ms are shown in Figure
3-11 and Figure 3-12. With the strong interaction from the blades, the wake penetration is
smaller than the typical wakes generated from the second iteration PUG in the DWT.
Similarly, the velocity deficit weakens as the disturbance propagates downstream. These
results show that the disturbances are impacting the LE region of the cascade. A significant
region of increased velocity is seen at tref = 20 ms but is almost nonexistent at tref = 32 ms.
The values for turbulence intensity only decrease slightly as the periodic disturbance
convects downstream. The increased turbulence is wider than the velocity deficit and
impacts the LE and both sides of the blades.

a)
b)
Figure 3-11 Streamwise velocity for p = 45 psi, DC = 25%, and F+ = 0.41 at: a) tref = 20 ms, and b) tref =
32 ms.
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a)
b)
Figure 3-12 Turbulence intensity for p = 45 psi, DC = 25%, and F+ = 0.41 at: a) tref = 20 ms, and b) tref =
32 ms.

The results for the disturbance at tref = 26 ms, which was the delay chosen to
compare the results from different settings, are presented in Figure 3-13. While the plots
are for a different delay time and settings to those in Figure 3-11 and Figure 3-12, it is
shown that these disturbances are similar. At this delay, the velocity deficit and increased
turbulence are just beginning to impact the LE. The vorticity is much different than that
found in the DWT. It is no longer concentrated into two or three cores and now stretched
towards the cascade. There is still opposite rotation and becomes more distorted as it enters
the passage.
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a)

b)

c)
Figure 3-13 Results at tref = 26 ms with p = 33 psi, DC = 15%, and F+ = 0.19 for a) streamwise velocity,
b) turbulence intensity, and c) spanwise vorticity.

To better illustrate the similarity of the generated disturbances at the three settings,
Figure 3-14 contains plots of velocity, Tu, and incidence angle at x/Cx = -0.3 for tref = 26

ms. For all three plots, the curves for each of the different settings are very similar to each
other. This is indicative that the disturbances produced for the three reduced frequencies
are very similar. To further highlight this, the mean absolute deviation (MAD) from the
mean of three curves in each plot was calculated for each setting. This was found using
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Equation 3.2 for the velocity and turbulence intensity and presented in Table 3-4. MAD
measures the statistical dispersion and results in values with the same units as the input.
The values obtained for all the curves are very small with respect to the magnitudes seen
in the plots of Figure 3-14. Additionally, the values for the MAD for each frequency are
similar to each other, meaning there is not one setting which produces a disturbance that is
significantly different from the others.
𝑘

1
𝑀𝐴𝐷 𝜙 = ∑|𝜙𝑖 − 𝑚𝑒𝑎𝑛(𝜙)|
𝑘
𝑖=1

a)

b)
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(3.2)

c)
Figure 3-14 Results for three chosen reduced frequencies with tref = 26 ms at x/Cx = -0.3 for: a)
streamwise velocity, b) turbulence intensity, and c) incidence angle.

Table 3-4 Values of mean absolute deviation from the mean of the three curves in Figure 3-14 for
streamwise velocity and turbulence intensity.

Another quantity that is useful for comparing these results is the momentum deficit
since it is an integrated parameter. This is calculated using Equation 3.2. It is derived from
the conservation of momentum for a control volume about a 2-D body and commonly used
to calculate the drag of a 2-D body using downstream measurements [66].
𝛩𝑑𝑒𝑓 = ∫𝐶𝑆 𝑢𝑠 (𝑈 − 𝑢𝑠 )𝑑𝑦

(3. 2)

Since the flow is not perfectly uniform at this location due to the presence of the turbine
blades, the velocity outside the generated disturbance was set to the freestream as shown
in Figure 3-15. For F+ of 0.19, 0.41, and 0.56, the momentum deficits with tref = 26 ms at
x/Cx = -0.3 were found to be 0.219, 0.232, and 0.234 respectively. These integrated values
are very similar which also indicates comparable disturbances were produced for the three
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settings. This was found to be true for many different delay times and axial locations. The
most detectable difference between the disturbances was the effective duty cycle based on
movies of the velocity flowfield with hundreds of phases. This is expected since the duty
cycle was increased for increasing pulsing frequency in order to better match
characteristics.

a)
b)
Figure 3-15 Streamwise velocity for F+ = 0.19 at x/Cx = -0.3 with tref = 26 ms showing a) difference
between local velocity and freestream, and b) difference with generated wake isolated in order to
calculate momentum deficit (gray shaded area is area of velocity deficit).

The series of tests performed in this section proved that the PUG is able to generate
periodic disturbances which impact the LE. It was sought to find plenum pressure and duty
cycle settings which produced similar disturbances at F+ = 0.19, 0.41, and 0.56. Extensive
characterization using PIV measurements confirmed three settings which produced similar
disturbances based on MAD of their velocity and turbulence intensity curves and by
producing similar momentum deficits. Knowledge gained from this setup was then used
for an in-passage flow study of passage vortex dynamics with upstream periodic
unsteadiness.
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In-Passage Secondary Flow Investigation
Most detailed flow studies of the PV are from time-averaged results and/or in a
steady environment. The results presented in the next set of experiments utilized highspeed (repetition rate > 1 kHz) SPIV inside the turbine passage with upstream periodic
unsteadiness impacting the LE from which the HV originates. Three different pulsing
frequencies were tested which all produced similar disturbances based on upstream PIV
measurements. Results include observations made from instantaneous Q-criterion, timeaveraged results, and histograms. Another goal of the study was to highlight how the PUG
devices can be utilized, how to collect data with them, and how to post-process the results
such as testing for any lock-on phenomena. Vortex shedding lock-on of bluff-bodies in
cross-flow is a well-documented phenomenon [67, 68]. Since this has been reported for the
PV with pulsed endwall jets [22], it was thought that this phenomenon might occur for
when the HV vortex system is periodically perturbed from upstream disturbances.
3.3.1

Experimental Setup
Much of the setup remains the same from Section 3.2.1 except for the measurement

plane and data acquisition. A plane of SPIV was setup in-passage normal to the endwall.
SPIV uses two cameras with separate viewing angles focused on the same plane to extract
the out-of-plane velocity component. Therefore, it provides a two-dimensional, threecomponent (2D3C) measurement of the velocity field. The measurement plane, Figure
3-16, was oriented perpendicular to the secondary coordinate system (x’, y’) which is based
off the exit flow angle. The plane crossed the PV lift-off line, so measurements will consist
of a cross-section of the vortex filament.
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Figure 3-16 Location of SPIV plane for LSWT secondary flow study.

A Phototonics Industries DM30 Dual Head 527 nm laser (Nd:YLF) with sheetforming optics was used to illuminate seeding particles produced from a Martin JEM ZR25
fog generator running on Martin ZR Pro Smoke Super Fluid. The laser was underneath the
test section and fired a laser sheet through two ½ in. acrylic walls. Two Phantom VEO
640L cameras with 180 mm lens and Scheimpflug adapters were viewing the image plane
from the sides of wind tunnel. The camera angles to the measurement plane were 59.3º and
204.5°. Calibration was performed with a 106-10 LaVision calibration plate resulting in a
RMS of fit of 0.4530 pixel (camera 1) and 0.4916 pixel (camera 2) with scale/magnification
factor of 14.6725 pixel/mm. Once again, LaVision PTU and DaVis software were used to
synchronize the laser and cameras, acquire images, and process the raw images. Images
(1442 x 1375) were acquired with 40 µs between double exposures. Processing of raw
images used a first pass 64x64 interrogation window and 32x32 final pass interrogation
window with 50% overlap. Once again ReCx is 50,000 for all cases.
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Two methods were used to acquire images. The first method is the time-based
method with a user-selected repetition rate. The image acquisition was triggered on the
first detectable rising edge from the PUG driving signal. The repetition rate was chosen to
be a multiple of the PUG frequency. Therefore, a constant number of samples were
acquired per actuation cycle. This would allow the data to be phase-averaged. The second
method was the DaVis cyclic time-based approach. The PUG signal was used as the
external cycle trigger and the internal image clock was used to control the number of
images per cycle and which phases to sample. With the time between the image clock and
external cycle trigger unknown and since the image clock is generated internally and not
phase-locked to the external trigger, a fixed delay of one image clock is introduced to
overcome the jitter between the image clock and external trigger. This is an ideal way of
taking phase-locked measurements since acquisition always starts with the same phase.
Four cases were studied with this setup: only TE steady jets with plenum pressure
of 17 psi (F+ = 0), and both sets of jets with F+ = 0.19, F+ = 0.41, and F+ = 0.56.
Respectively for these cases, the number of images and repetition rate for the time-based
acquisition is as follows: 8,000 images at 1,510 Hz, 13,500 images at 1,500 Hz, 14,300
images at 1,430 Hz, and 14,400 images at 1,500 Hz.
3.3.2

Results

With the SPIV plane situated to be normal to the throughflow and measurements taken
from 1,430 to 1,510 Hz at ReCx = 50,000, the in-plane velocity components for large-scale
structures appear time-resolved. This allows studying the PV in a time-dependent sense.
The PV was visualized and measured using Q-criterion which helps identify vortices by
highlighting regions where the magnitude of rotation is greater than the magnitude of rate- 71 -

of-strain. The two-dimensional Q-criterion was calculated using Equation 3.3 and
nondimensionalized by Cx and U∞ which is found from the upstream Pitot-static probe.
Note that the components in the Q-criterion equation are with respect to the secondary
coordinate system and not the axial. The secondary turbulent kinetic energy for the
secondary coordinate system is calculated using Equation 3.4 and then mass-averaged
using the out-of-plane velocity with the simplifications of uniform density and uniform
grid.
1 𝜕𝑢 2
𝜕𝑣 2
𝜕𝑢 𝜕𝑣
𝑄 = − [( ) + ( ) ] −
2 𝜕𝑥
𝜕𝑦
𝜕𝑦 𝜕𝑥

(3.3)

1 ̅̅̅̅̅̅̅
′ )2 )
̅̅̅̅̅̅̅
(𝑣 ′ )2 + (𝑤
((𝑢′ )2 + ̅̅̅̅̅̅̅
2

(3.4)

𝑆𝑇𝐾𝐸 =

For the majority of the 8,000 images taken at F+ = 0, the PV appears coherent and
in the middle of the passage such as that shown in Figure 3-17a. It does move about in the
y’ direction for a maximum travel distance of over 0.1Cx, refer to Figure 3-17b and Figure
3-17c. Note that the pressure-side of the adjacent blade is on the right and the suction-side
on the left (i.e. view is inside the passage looking upstream). There is not much travel in
the spanwise direction. Aperiodically, the PV will rapidly lose rotational strength and
“burst” which is evidenced by low levels of Q-criterion and unidentifiable central core, see
Figure 3-17d. Also present are smaller vortices which form closer to the SS and endwall.
These vortices often migrate towards the PV and become entrained in the strong rotation
of the PV.
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a)

b)

c)
d)
Figure 3-17 Q-criterion for F+ = 0 at varying instances in time to illustrate overall unsteady PV
dynamics such as: a) coherent PV in center of passage, b) PV closer to PS, c) PV closer to SS, and d) PV
loss of coherence.

Looking at the time-averaged Q-criterion provides information on the overall
strength of rotation and average position. Figure 3-18 contains this plot for each case. Both
the average position and Q levels are very similar. However, closer inspection found that
the max Q decreased for increasing F+. This is in agreement with other researchers who
reported a weakened PV with the introduction of wakes and that increased wake passing
frequency resulted in a weaker PV [38-40]. Lei et al. provided two reasons for this. One is
the “negative jet” effect causes a crossflow toward the SS which suppresses the growth of
the PV. This is unlikely the mechanism at work in the current situation since the periodic
disturbances are very localized and are almost immeasurable inside the passage. The
second reason provided is the wake suppresses the rolling up of the endwall boundary layer
into the PSHV which forms the PV. This could be the case for the present results; but more
information is needed such as the effect of the disturbances on the boundary layer in order
to determine the mechanism at work.
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a)

b)

c)
d)
Figure 3-18 Time-averaged Q-criterion for a) F+ = 0 (Qmax = 196), b) F+ = 0.19 (Qmax = 170), c) F+ = 0.41
(Qmax = 166), and d) F+ = 0.56 (Qmax = 154).

The effect on turbulence levels inside the passage due to the actuation of the
PUGs was minimal. A plot of the mass-averaged STKE is shown Figure 3-19 for baseline
case. All other cases produced a similar plot. Here it is shown that the region associated
with the PV has high levels of STKE. It is the dissipation of this STKE which contributes
significantly to the total pressure losses through and downstream the passage [69]. It
appears that the other smaller vortices also result in elevated STKE and possibly
augmented by the interaction with the PV, as the region closer to the PV contains greater
STKE levels compared to the area near the SS.
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Figure 3-19 Mass-averaged secondary turbulent kinetic energy nondimensionalized by U∞2 for F+ = 0.

Using the maximum Q in a specified region, the PV was tracked in every image.
Values were ignored if Q < 40 and outliers were removed if the percentage of occurrences
at that position was less than 0.25%. Results in Figure 3-20 are for the PV position and
colored by the fraction of occurrences. There are some subtle differences between the
different cases. For F+ = 0, the PV is mostly located in a small discrete area of the flowfield.
With the onset of periodic disturbances, the PV wanders further away from its average
location and more often. This is also probably a major factor for the decreased timeaveraged Qmax in Figure 3-18, though the average of Qmax for the tracked vortex in each
image also yielded decreased values for increased frequency. There is less of a distinct
region of the PV for the cases with disturbances. Overall, these plots highlight an
interesting phenomenon associated with the PV which is the range of movement of the
vortex.

- 75 -

a)

b)

c)

d)
Figure 3-20 Passage vortex position based on Qmax colored by fraction of occurrences at that position for
F+ = a) 0, b) 0.19, c) 0.41, and d) 0.56.
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To get an idea of the PV strength at these positions, the same set of plots were
colored based on the average maximum Q of all instances at that location. This was done
for all cases, see Figure 3-21. Interestingly, there is a strong correlation between Q values
and vortex position. The PV rotational strength is greatest when the vortex is closest to the
PS and decreases as its position moves toward the SS. It was reported in Ref. [21] that
when applying active flow control the losses and strength of the PV decreased as the PV
was forced closer to the SS. The mechanism for this correlation in the current case is
unknown. One possibility is the length of the separated shear layer that extends from the
SS across the passage which feeds the HV and PV system is shortened; and therefore, the
PV is consequently closer to the SS and weakened. Another possibility might be that the
magnitude of the fluid velocity moving in the direction of the camber line (out-of-plane
direction for this setup) increases from PS to SS; and therefore, as the PV moves toward
the higher momentum fluid near the SS, the PV starts to rapidly dissipate due to a shearing
mechanism. Additionally, there could also be a correlation between the PV alignment to
the camber line and PV strength which cannot be accounted for in a 2-D plane. Another
noteworthy observation from Figure 3-21 is that as the reduced frequency is increased, the
PV Q levels decrease near the PS but remain relatively the same near the SS. With only
this one plane of SPIV, the reasons for these findings cannot be elucidated. Additional
measurement planes or tomographic PIV could provide more insight.
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a)

b)

c)

d)
Figure 3-21 Passage vortex position based on Qmax colored by average Qmax of all occurrences at that
position for cases: a) F+ = 0, b) F+ = 0.19, c) F+ = 0.41, and d) F+ = 0.56.
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An important goal from these in-passage measurements was to find if there were
fluid phenomena linked to the PUG frequency being actuated upstream of the cascade.
Looking at the frequency domain information from the SPIV provided some insight. The
power spectral density, PSD, was found for each setting using Matlab’s pwelch function
with Hamming window with 50% overlap and 6 windows to ensure reasonable spectral
resolution and adequate averaging. This was performed on the spanwise velocity
component at the mean position of the vortex and averaged with the spectra found from 8
neighboring points. Results were comparable to those found using other parameters such
as Q, using the Matlab fft function, and when using the DaVis PSD output with Hann
windowing. Note that the units for PSD is the variance of the input signal per Hz; since the
normalized velocity was used, the units are the dimensionless magnitude per Hz which was
then plotted as a function of the reduced frequency. Results for each case are shown in
Figure 3-22. For the baseline case, there is a peak at F+ = 0.428 which is close to one of
the actuation frequencies chosen for the PUG. A band of peaks near this dimensionless
frequency has been observed previously using surface-mounted hot-film sensor data at
locations associated with the PV [22, 70].
For case F+ = 0.19, a peak at the pulsing frequency is found that was not present in
the baseline case. Another peak is found near its first harmonic, F+ = 0.376. Likewise, with
PUG F+ = 0.41, a peak is found at the actuation frequency. This peak is more dominant
than the rest of the spectra compared to those peaks in other cases. This is perhaps
analogous to mechanical resonance since the forcing frequency is equal to a
fundamental/natural frequency associated with the PV. At PUG F+ = 0.56, there are some
nearby peaks to the actuation frequency but not as prominent as those seen in the previous
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cases. It is characteristic for the energy content of large-scale structures, such as the PV, to
contain a majority of energy content at lower frequencies, as seen in Figure 3-22a, which
might be the reason why peaks near this actuation frequency are small compared to the
lower frequency band.

a)

b)

c)
d)
Figure 3-22 Power spectral density of spanwise velocity, v/U∞, with annotations of F+ at peaks for PUG
actuation at F+ = a) 0, b) 0.19, c) 0.41, and d) 0.56.

In a similar manner, the PSD using Matlab’s pwelch was calculated at every point
in the measurement plane. The frequency for the greatest peak is plotted in Figure 3-23 for
each case. For the baseline case, there are a variety of different frequencies that dominate
the flowfield with most in the lower frequency range. The contour plot highlights this well
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with the many different contour levels present. Contrary to this are the contours for cases
with periodic unsteadiness. These plots show the flowfield being dominated by fewer
frequencies which tend to be near the PUG reduced frequency or its harmonics. This
reinforces the findings from Figure 3-22 where the PV had peaks at the actuation
frequency. This is also true for much of the rest of the secondary flow.

a)

b)
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c)

d)
Figure 3-23 Contour of reduced frequency at PSD maximum peak with contour level annotations for
PUG actuation frequency of F+ = a) 0, b) 0.19, c) 0.41, and d) 0.56.

Using DaVis, the Fourier coefficients at individual frequencies were found. Some
of the results are shown in Figure 3-24. It is from Figure 3-24b which highlights that the
PV, as well as much of the rest of the flowfield, is influenced by the PUG frequency. This
is compared to the baseline case, Figure 3-24a, at almost the same frequency and at a
frequency just less than, Figure 3-24c, and just greater than, Figure 3-24d, the disturbance
frequency. It was seen at the PUG reduced frequency and its harmonics where the values
for the Fourier coefficients spiked significantly. Similar results were obtained for the other
two cases. This is indicative that the PV region is influenced by the PUG disturbances.
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a)

b)

c)
d)
Figure 3-24 Contour of Fourier coefficients for a) baseline at F+ = 0.40759, and with PUG actuated at
F+ = 0.41 with the Fourier coefficients at F+ = b) 0.40856, c) 0.39742, d) 0.4197.

Based on the results from the PSD and Fourier coefficient plots, it appears that the
PV or some part of the dynamics is perhaps driven by the PUG actuation frequency. To
investigate if this is true, the phase-locked data from both acquisition methods were
ensemble averaged. These ensemble averages of Q are shown in Figure 3-25 for PUG F+
= 0.19 at different phases. It is shown from these plots that the ensemble averaged values
of Q at each phase are very similar except at t/T = 0.5. This was true for most of the 300
phases the data were sampled and for the results obtained using the cyclic data acquisition
method. Near t/T = 0.5, the Q-criterion magnitudes were decreased. For most of the other
- 83 -

phases, the Q levels and PV location matches the time-averaged results as shown
previously in Figure 3-18. The travel of the PV in the lateral and vertical direction is
minimal based on the phase-locked ensemble averaged results. Since the phase-locked data
does not describe the time-dependent behavior of the PV, it can be concluded that the PV
is not locked-in to the PUG frequency. This was observed for each PUG setting.

a)

b)

c)
d)
+
Figure 3-25 Phase-locked ensemble averaged Q for F = 0.19 at a) t/T = 0, b) t/T = 0.25, c) t/T = 0.5, d)
t/T = 0.75. (Note: T is the pulsing period or cycle time)

Another way to measure if the PV is locked-in is to calculate the PV position at
each ensemble of each phase and see if the deviation at each phase is low. This is based on
the assumption that if the PV is locked-in the flow should be mostly stationary at specific
phases as was the case for the PUG characterization results and classical vortex lock-on
phenomena such as oscillating cylinders or pitching airfoils [67, 68]. The deviation was
assessed using the MAD of the y’/Cx position of the PV of all ensembles for each phase.
Figure 3-26 contains these values for the case of F+ = 0.19 along with the MAD for the
entire data set (13,500 measurements). The magnitude of the MAD of y’/Cx for the
ensemble data does decline below the value for that of the entire time-series. The number
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of phases with decreased MAD does correspond to the duty cycle of actuation. This is
indicative that the PV is slightly more stationary at these phases; however, the vortex is not
completely locked-in to the PUG frequency based on the classical examples of vortex lockon. The same was found for the other two cases. This is an important finding because it
means that the PV is being periodically affected by the disturbances, but the in-passage
data cannot be processed in a phase-locked manner for these reduced frequencies. Another
check is to see if the PV strength is periodically varying based on the disturbance
frequency. Figure 3-27 indicates that the PV Qmax values are mildly phase dependent. This
is based upon the observation that the Qmax curve does decline below unity for many of the
same phases in which the MAD of y’/Cx curve declined. This suggests that the disturbances
are periodically causing the PV to lose rotational strength. It is also evidenced once again
that there is a strong correlation between the PV location and PV rotational strength. The
same observations were made for the two other cases but with less of a pronounced phase
dependency most likely due to a more sustained impact on the PV at the higher disturbance
frequencies.
Possible reasons for the PV to be only mildly phase-dependent is that the wake
passing is too infrequent since the pulsing frequency is low compared to the throughflow
convective frequency, or the perturbation amplitude is too small. In experiments by
Koopman of vortex wakes of vibrating cylinders at low Reynolds numbers, it was found
that at particular Reynolds numbers vortex street lock-on was a function of the forcing
amplitude and oscillation frequency [71]. At lower and upper frequencies beyond the
Strouhal shedding frequency, greater forcing was required to maintain vortex lock-on. This
might suggest that increasing the wake strength (increasing the velocity deficit by using
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greater plenum pressures) could cause the PV time-dependent dynamics to become more
influenced by the LE disturbance impingement. It was found in Refs. [25-27] that wakes
caused separation suppression; but for low wake passing frequencies, the suppression
became intermittent with a separation bubble forming between wake passing events. At
high wake passing frequencies, the wakes behaved like increased background turbulence
which resulted in constant separation suppression. Perhaps the PV dynamics are analogous
to this and higher perturbation frequencies may cause the PV strength to be more periodic
based on the perturbation frequency. Though, these results and other researchers’ findings
did find the PV strength to be a function of the wake passing frequency [38, 39].

Figure 3-26 Mean absolute deviation of y'/Cx location of the PV for F+ = 0.19. Blue line is the MAD
values for all ensembles at each phase. Red line is the MAD value for all 13,500 measurements.
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Figure 3-27 Phase-locked ensemble average PV Qmax (normalized by time-averaged Qmax) and PV y’/Cx
position at every phase for F+ = 0.19. (Note: 45 ensembles were averaged with 300 phases)
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4 Conclusions
Proof of Concept
Wakes in turbomachinery are characterized by velocity deficit, increased
turbulence, width, and vorticity and are often simulated in experimental wind tunnel
facilities using a moving bar or wheel-spoke mechanism. This study sought to demonstrate
a novel approach, an array of stationary pneumatic devices, to generate wakes which would
be used to study the interaction of these periodic disturbances with secondary flow features
in a linear cascade. The first set of experiments conducted regarding a novel periodic
unsteadiness generator was to prove whether this approach could generate disturbances
which have physical relevance to turbomachinery wakes. This was performed in a small
developmental wind tunnel using a single small-scale version of the device with the
downstream flow measured using a hot-film probe, laser-illuminated flow visualization,
and PIV. First, the results from the use of steady jets at the rear stagnation point
demonstrated a method to mitigate the profile wake and vorticity from the device which
would then be implemented in future PUG design iterations. An optimized set of TE jets
proved very effective when tested on the second PUG iteration. Most importantly the
results from LE and TE jet actuation confirmed the device could generate velocity deficits
much larger than the maximum thickness of the device while also mitigating the profile
wake and shedding vorticity. The disturbances were also characterized by elevated levels
of unsteadiness and spanwise vorticity. Lastly, the input parameters (blowing angle,
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plenum pressure, duty cycle, and actuation frequency) were varied which demonstrated the
control over the disturbances that could be generated and the correlation between the inputs
and wake characteristics. The main conclusion from these experiments was that the PUG
was able to generate velocity deficits, elevated turbulence levels, and spanwise vorticity
but some of the physics were not equivalent to real turbomachinery wakes. However, this
simplified approach would be used to generate periodic disturbances that do have relevance
in order to study how perturbing secondary flow features impacts their dynamics.

Secondary Flow with Periodic Unsteadiness
One of the end goals was to test these devices in their intended flow environment,
i.e. secondary flow subjected to periodic unsteadiness. Large-scale versions of the PUGs
along with some wind tunnel modifications were fabricated and installed in the test section
of a large linear cascade wind tunnel. Prior to a secondary flow study, the flow between
the PUGs and linear cascade was characterized using PIV. Three different settings were
found which produced similar disturbances at different actuation frequencies. The inpassage endwall flow with periodic disturbances impacting the LE was investigated using
high-speed SPIV. Most of the time-averaged data showed only minor differences between
the baseline case and cases with disturbances. The strength of rotation of the passage vortex
was shown to decrease with increasing PUG actuation frequency. The advent of periodic
disturbances resulted in increased migration of the vortex but left the average position
unaltered. Another interesting finding was detecting a correlation between the passage
vortex position and strength. It was shown that much of the flowfield especially the passage
vortex was characterized by phenomenon occurring at the perturbing frequency based on
Fourier analyses. Additional results indicated that the disturbances were periodically
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causing the PV to lose strength. However, the main conclusion was that the vortex was not
“locked-in” to the frequency at the chosen settings base on phase-locked ensemble
averaged data. This is noteworthy as future applications of this approach cannot assume a
phase-locked flow.

Future Work
Since only a limited in-passage flow study was conducted, much can still be studied
to gain insight into how the secondary flow is impacted by periodic unsteadiness. The
current study only included three discrete actuation frequencies in a small range. It would
be more applicable to low-pressure turbines to actuate at much higher frequencies. The
amplitude of forcing on the LE region could be varied by using different plenum pressures.
Some active flow control studies have attempted endwall pulsed jet blowing near the LE
inside the passage, it could be worthwhile to attempt to perturb the same region using the
PUG by moving the devices so that the disturbances propagate downstream and impact the
same discrete area. This would have actual current realistic relevance as opposed to the
pulsed endwall jets which are not currently present in actual turbomachinery hardware.
There are some improvements that can be made to the design and experimentation
of the PUGs. In order to achieve better spanwise uniformity and larger wakes, the generated
unsteadiness could be more localized spanwise by utilizing only the lower set of jets as
opposed to the use of both the bottom and top endwall jets of the PUG. If a more realistic
turbomachinery environment is desired, a denser array of PUGs could be implemented and
actuated sequentially to create a quasi-moving wake. The current PUG linear cascade setup
utilized preexisting slots on the wind tunnel walls for mounting. However, it would be
more desirable to install the devices further upstream in order to create wider velocity
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deficits and mitigate some of the effects from the stationary device. This could also make
it more feasible to take measurements at higher Reynolds numbers. Some of the secondary
flow study results posed questions that went unanswered. These could be elucidated by
performing a more rigorous flow study with multiple planes of data or tomographic PIV
measurements. It would also be interesting to study the LE flow dynamics, but current
wind tunnel limitations prevent such an investigation.
A more thorough characterization of the flow from the PUG could be conducted.
Currently, knowledge about the immediate jets characteristics is unknown. To the author’s
knowledge, there is no characterization study on pulsed jets in cross-flow originating from
a cylinder. Most jet studies appear to be for wall-bounded jets. Another important unknown
aspect of the current flow situation is how these disturbances effect the incoming boundary
layer. The horseshoe vortex dynamics are driven by the incoming boundary layer, so it
would be valuable to study the difference to the boundary layer with and without periodic
disturbances. If multiple studies are performed, a time-dependent analysis could determine
what (if any) of the upstream boundary layer behavior propagates to the leading-edge
horseshoe vortex system and what then propagates to the in-passage passage vortex system.
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Appendix A
Additional Details on LSWT PUG Characterization
Since the goal of the secondary flow study was to investigate how periodic
unsteadiness perturbing the LE affects the PV dynamics, it was important to position the
PUGs to generate disturbances which propagate downstream and impact the LE region.
Many different positions were attempted to achieve this goal. The results presented
previously in this report was at the fourth and final position that was attempted.
The first two positions tested had a different PIV setup. Instead of the more
powerful Evergreen laser, the New Wave SOLO laser was used for particle illumination.
It was positioned so that the laser sheet traveled more perpendicular through the acrylic
side wall which was better for illumination but resulted in a shadow region behind one of
the stationary PUGs. Results for different settings and phases are presented in Figure A-1
for all four positions in order to illustrate how positioning changes disturbance
characteristics and trajectory. For the first position with center PUG TE at y/Cx = -0.51,
the velocity deficit was mostly tracking towards the pressure-side of the blade and the
profile wake from the stationary device was ending up right at the LE. The PUGs were
moved so that the center PUG TE was at y/Cx = -0.34 for the second position. Here there
was a strong interaction between the turbine flow which caused an additional detached
wake (at y/Cx = -0.45 and x/Cx = -0.2 in Figure A-1b). The device was still parked in a
spot where the constant unsteadiness shedding from the device was ending up at the LE.
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For the third position with center PUG TE at y/Cx = 0, the generated disturbance was
convecting downstream entirely along the suction-surface side. Lastly, with the center PUG
at y/Cx = -0.17, the velocity deficit was impacting the LE region and the profile
unsteadiness was propagating through the passage and not at the LE. It is interesting to
note that the optimized TE steady jets plenum pressure was heavily dependent of the PUG
proximity to the LE of the nearby blade, so each position had different settings.

a)

b)

c)
d)
Figure A-1 Phase-locked ensemble averaged velocity magnitude at various settings for PUGs at: a) 1st
position, b) 2nd position, c) 3rd position, and d) 4th position.
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The experimental setups for the PIV of the first two PUG positions were slightly
different than that discussed in Section 3.2.1 which was used for the last two positions.
Instead of the more powerful Evergreen laser, the New Wave SOLO 120XT laser was used.
Results from these setups were subject to peak-locking effects due to low illumination
which cause the particle image sizes to be very small. Peak-locking is a bias error in PIV
with the tendency for the measured location and displacement of a particle image to be
biased towards integer values [72]. This is evidenced in Figure A-2 where the sub-pixel
distribution for the particles in a large rectangular region of the PIV plane are biased
towards integer values. This occurs when the size of the particle images on the camera
sensor become too small. Peak-locking effects were very pronounced in calculations of the
vorticity, Figure A-3. Outside of the disturbance region, the vorticity should be constant,
uniform, and near zero; instead, the plot shows non-uniform, non-zero vorticity outside the
disturbance due to peak-locking.

Figure A-2 Sub-pixel count distribution for large rectangular region in PIV plane at 2nd PUG position.
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Figure A-3 Spanwise vorticity from 2nd PUG position showing abnormalities due to peak-locking.

When the New Wave SOLO laser was replaced with the Evergreen laser, the peaklocking effects were greatly diminished. Even though the laser sheet from the Evergreen
laser was transmitted through the acrylic at a much less perpendicular angle, illumination
was still greatly increased. Differences between the PIV images in Figure A-4 compared
to that in Figure A-5 show much better illumination for the Evergreen laser setup. The
increased laser light resulted in larger particle images which helped to eliminate the bias
error associated with peak-locking. No longer did the sub-pixel distributions indicate bias
towards integer values and the vorticity contours, as shown previously in this report,
contained no abnormalities.
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Figure A-4 PIV image with background subtraction for 2nd PUG position illuminated with New Wave
SOLO 120XT laser.

Figure A-5 PIV image with background subtraction and Gaussian smoothing for 4th PUG position
illuminated with Evergreen laser.
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A sample size determination study was performed for the PIV time-averaging
results to test whether a sufficient number of images were being acquired in order to resolve
mean quantities of velocity and turbulence statistics. This was done for the baseline case
with up to 2,000 images using the setup described in Section 3.2.1. Results for varying
number of samples are presented in Figure A-6. For the streamwise velocity, it was
sufficient to use only 100 images. For turbulence intensity, more samples were required to
resolve the mean fluctuating components of velocity. Based on the results in Figure A-6b,
it was reasoned that 500 images would be necessary. For time-averaged results in Section
3.2, at least 1,000 images were acquired. For time-averaged results in Section 3.3, at least
8,000 image pairs were acquired.

a)

b)
Figure A-6 Time-average quantity comparisons with varying number of PIV images for a) streamwise
velocity, and b) turbulence intensity.

In a similar manner, a sample size determination study was performed for the PIV
phase-locked ensemble averaged results. This was done for a case with the PUG actuated
from both the LE and TE jets with the setup described in Section 3.2.1. Results for varying
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number of samples are presented in Figure A-7 for up to 1,800 images. It was found that
100 images could be sampled and averaged to sufficiently resolve the streamwise velocity.
As for the turbulence intensity, it would require around 600 images. For phase-locked data
presented in Section 3.2, at least 600 images were acquired for ensemble averaging.

b)
a)
Figure A-7 Phase-locked ensemble averaged quantity comparisons with varying number of PIV images
for a) streamwise velocity, and b) turbulence intensity.

An attempt was made to take in-passage 2D2C PIV in a plane parallel to the
endwall. This would allow for observation of the disturbance propagation through the
passage. The experimental setup used the same configuration as described in Section 3.2.1
but with measurement plane inside the passage. A schematic of where the calibration plate
was positioned is depicted in Figure A-8 which was mounted so that the measurement plane
was at z/H = 0.095 above the endwall. The magnification/scale factor was 14.2439
pixel/mm and the time between the double exposures was 95 µs.
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Figure A-8 Schematic of calibration setup for in-passage 2D2C PIV.

From the few sets of data collected, it was concluded that this PIV configuration
was not useful. The periodic disturbance was difficult to detect since it was localized to
just the LE region and becomes significantly dominated by the passage flow. An example
of the results is shown in Figure A-9 which plots the difference of the normalized velocity
magnitude between a case with unsteady disturbances from a case without disturbances,
ΔU/U∞. Note that results near the SS are erroneous due to significant laser light reflections
from the surface. The plot shows a phase where the velocity deficit from two of the PUGs
enters the passage. Overall, the results reveal that indeed the periodic unsteadiness is
localized and that the wake propagates along the PS and SS of the passage.
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Figure A-9 Contour of difference between a case with periodic disturbances and a case without periodic
disturbances for the nondimensional velocity magnitude. This from the ensemble average of data at one
phase.
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Appendix B
Periodicity Check
With the introduction of the PUGs in the LSWT and after having to remove and reinstall the LPT blades in order to install the new acrylic parts, it was important to check the
periodicity of the flow. This was performed by taking downstream total pressure
measurements using a 5-Kiel probe rake mounted on a motorized traverse. The
measurement plane was at x/Cx = 1.5 as indicated in Figure 3-6. The Kiel probes were
traversed a distance 2S in order to capture the wakes shed from two of the innermost blades.
Data was acquired for 7 s at 2,000 Hz. The total pressure difference was found based on
the pitot-static probe positioned upstream of the cascade. The total pressure loss coefficient
was calculated using Equation B.1.
𝛾𝑡 =

𝑝𝑡,𝑖𝑛 − 𝑝𝑡,𝑜𝑢𝑡
1 2
2 𝜌𝑈𝑖𝑛

(B.1)

Measurements were taken at 10 different spanwise locations for when all jets
were off, all jets actuated, and just the TE steady jets actuated at the optimal plenum
pressure. These three cases were performed at ReCx = 50,000. This data was also
compared to a case at ReCx = 100,000 without the PUGs and tunnel modifications
installed at comparable spanwise locations though not exactly the same. Figure B-1
shows the results for a spanwise position in the 3-D flow region. Results for most of the
cases look comparable except for when the TE jets were not utilized. There is a distinct
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loss region from y/S of -1.8 to -0.85 that is not present in the other cases. This is most
likely due to the constant presence of the PUG profile wake propagating downstream and
impacting the cascade flow environment. This provides another verification for the
benefits of utilizing the TE steady jets which help to mitigate the profile wake and vortex
shedding. There are some differences between the higher Reynolds number case and the
others which is expected since the blade performance changes with Reynolds number.
Results in the 2-D flow region closer to midspan are plotted in Figure B-2. The wake
from the two different blades are still similar enough to say that periodicity is maintained
with the installation of the PUGs. At this spanwise location, all the jets are covered up
with tape so the three cases at ReCx = 50,000 are essentially the same. This is evidenced
by all three curves of γt appearing almost overlaid on each other. The presence of the
PUGs does affect the total pressure measurements. Note that in the 2-D region outside of
the blade wake the values for total pressure loss should be zero but this is not the case in
Figure B-2. This is due to having the upstream probe parked in just one location which is
why these values are often corrected to be zero when post-processed.
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Figure B-1 Total pressure loss coefficient at z/H = 0.0957 for different cases.

Figure B-2 Total pressure loss coefficient at z/H = 0.3355 for different cases.
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To get a better sense of the periodicity, the MAD from the two wakes was
calculated. That is, the measurements from one entire pitch across the first blade (y/S
from -2 to -1) were compared by the measurements from one entire pitch across the
second blade (y/S from -1 to 0). Then from these two data sets the mean absolute
deviation was found from the mean of the two data sets. If the MAD is 0 for the two sets,
then they are exactly the same; and if the values for the MAD are comparable to the
magnitude of the values found in the previous figures, then the two data sets are
significantly different. The results from this calculation at different spanwise locations is
presented in Figure B-3. The MAD is an order of magnitude less than the values obtained
in the previous figures. Since the values are small in comparison and similar to previous
measurements at the higher Reynolds number case without PUGs, periodicity has been
maintained after installation of the PUGs upstream of the linear cascade.

Figure B-3 MAD of total pressure loss coefficient for the two full pitches of measurements at varying
spanwise locations.
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Appendix C
PUG LSWT System Overview
The purpose of this section is to provide some more details about the entire periodic
unsteadiness generator system that has been installed in the LSWT.
Actuation of the Festo solenoid valves was controlled by a square wave signal sent
from a LabVIEW program via the analog output of a National Instruments BNC-2120. A
screenshot of the front panel of the program, Figure C-1, shows the different user inputs.
The user chooses the frequency and duty cycle of the square wave which can be reset at
any point during testing. The graphical source code of the signal generation for the solenoid
valves is shown in the screenshot of the block diagram, Figure C-2.

Figure C-1 Front panel of LabVIEW vi which controls the signal sent to the solenoid valves controlling
actuation.
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Figure C-2 Block diagram of LabVIEW vi which generates actuation signal.

The actuation signal is sent to an electrical closure, Figure C-3, which relays the
single square wave to all solenoid valves. One enclosure was located underneath the wind
tunnel and the other on top of the wind tunnel. The PVC enclosure was fitted with
connectors for the power supply, actuation signal, and solenoid valve channels. Internally,
the power supply and actuation signals were relayed to each solenoid valve channel.

Figure C-3 Picture of electrical enclosure for solenoid valves.
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Five PUGs were installed in the LSWT for the five innermost LPT blades. A
picture of these devices in provided in Figure C-4. The jets from 0.25H to 0.75H for both
the LE and TE tubes were taped over in order to supply more uniform air throughout the
span. The PUGs were held in place on the bottom endwall using 3-D printed inserts,
Figure C-5, which fit into the endwall slot and joined using a tongue-and-groove joint.
The PUGs were lodged in place by inserts on both sides of the PUG profile. Additionally,
the inserts filled-in most of the endwall gap with the rest filled-in using thin Kapton tape.
This helps to preserve the incoming boundary layer.

Figure C-4 PUGs installed upstream from LPT blades.
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Figure C-5 Bottom endwall gap insert which holds PUG in place.

The PUGs were laterally held in place using a 3-D printed top endwall attachment,
Figure C-6a. This part was tapered in order to fit through the top endwall slot. The TE tube
was bent so that it formed into the contour of the TE tube groove. This attachment was
fastened to the top of the wind tunnel using aluminum strips, Figure C-6b, which extended
across the top endwall slot.

a)
b)
Figure C-6 Top endwall attachment: a) CAD drawing of the tapered top endwall attachment, and b)
picture of LE and TE tube on top of wind tunnel with fastened aluminum strip to hold the PUG in place.
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The compressed air was distributed to all the tubes using pneumatic manifolds,
Figure C-7, which were placed beneath the splitter plater inside the wind tunnel and on top
of the wind tunnel. The LE tube pneumatic manifold sent air to each of the solenoid valves.
Most of the pneumatic system consisted of plastic tubing with compression and tapered
pipe fittings to prevent leaks. This is vital toward maintaining consistency from test to test.
A picture of a solenoid valve is shown in Figure C-8.

Figure C-7 Picture of pneumatic manifolds on top of wind tunnel.

Figure C-8 Picture of Festo MHJ10-S-2,5-QS-6-HFsolenoid valve fitted with electrical connector.
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